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Preface 


In this seventh edition we have retained the basic objective of the earlier editions: 

• to present a comprehensive and rigorous treatment of classical thermodynamics while 
retaining an engineering perspective, and in doing so 

• to lay the groundwork for subsequent studies in such fields as fluid mechanics, heat 
transfer, and statistical thermodynamics, and also 

• to prepare the student to effectively use thermodynamics in the practiceof engineering. 

We have deliberately directed our presentation to students. New concepts and defini- 
tions are presented in the context where they are first relevant in a natural progression. The 
first thermodynamic properties to be defined (Chapter 2) are those that can be readily mea- 
sured: pressure, specific volume, and temperature. In Chapter 3, tables of thermodynamic 
properties are introduced, butonly in regard to these measurable properties. Internal energy 
and enthalpy are introduced in connection with the first law, entropy with the second law, 
and the Helmholtz and Gibbs functions in the chapter on thermodynamic relations. M any 
real world realistic examples have been included in the book to assist the student in gaining 
an understanding of thermodynamics, and the problems at the end of each chapter have 
been carefully sequenced to correlate with the subject matter, and are grouped and identi- 
fied as such. The early chapters in particular contain a much larger number of examples, 
illustrations and problems than in previous editions, and throughout the book, chapter-end 
summaries are included, followed by a set of concept/study problems that should be of 
benefit to the students. 

NEW FEATURES IN THIS EDITION 

In-Text-Concept Question 

For this edition we have placed concept questions i n the text after major sections of material 
to allow students to reflect on the material just presented. These questions are intended 
to be quick self tests for students or used by teachers as wrap up checks for each of the 
subjects covered. Most of these are straightforward conclusions from the material without 
being memory facts, but a few will require some extended thoughts and we do provide a 
short answer in the solution manual. Additional concept questions are placed as homework 
problems at the end of each chapter. 

End-of-Chapter Engineering Applications 

We have added a short section at theend of each chapter that wecal I engineering applications. 
These sections present motivating material with informative exam pies of how the particular 
chapter material is being used in engineering. The vast majority of these sections do not 
have any material with equations or developments of theory but they do contain pictures 
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and explanations about a few real physical systems where the chapter material is relevant 
for the engineering analysis and design. We have deliberately kept these sections short and 
we do not try to explain all the details in the devices shown so the reader can get an idea 
about the applications in a relatively short time. For some of the later chapters where the 
whole chapter could be characterized as an engineering application this section can be a 
little involved including formulas and theory. We have placed these sections in the end of 
the chapters so we do not disrupt the main flow of the presentation, but we do suggest that 
each instructor try to incorporate some of this material up front as motivation for students 
to study this particular chapter material. 

Chapter of Power and Refrigeration Cycles Split into Two Chapters 

The previous edition Chapter 11 with power and refrigeration systems has been separated 
into two chapters, one with cycles involving a change of phase for the working substance 
and one chapter with gas cycles. We added some material to each of the two chapters, but 
kept the balance between them. 

We have added a section about refrigeration cycle configurations and included new 
substances as alternative refrigerants R-410a and carbon dioxide in the printed B-section 
tables. This does allow for a more modern treatment and examples with current system 
design features. 

The gas cycles have been augmented by the inclusion of the Atkinson and M iller 
cycl es. T hese cycles are i mportant for the expl anations of the cycle variati ons that are bei ng 
used for the new hybrid car engines and this allows us to present material that is relevant to 
the current state of the art technology. 

Chapter with Compressible Flow 

For this edition we have been able to again offer the chapter with compressible flow last 
printed in the 5th edition. In-Text Concept questions, concept study-guide problems and 
new homework problems are included to match the rest of the book. 


FEATURES CONTINUED FROM 6TH EDITION 

End-of-Chapter Summaries 

The new end-of-chapter summaries provide a short review of the main concepts covered in 
the chapter, with highlighted key words. To further enhance the summary we have listed the 
set of skills that the student should have mastered after studying the chapter. These ski I Is are 
among the outcomes that can be tested with the accompanying set of study-guide problems 
in addition to the main set of homework problems. 

Main Concepts and Formulas 

M ain concepts and formulas are included at the end of each chapter, for reference and a 
collection of these will be available on Wiley’s website. 

Study Guide Problems 

We have revised the set of study guide problems for each chapter as a quick check of the 
chapter material . T hese are sel ected to be short and directed toward a very specific concept. 
A student can answer all of these questions to assess their level of understanding, and 
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determine if any of the subjects need to be studied further. These problems are also suitable 
to use together with the rest of the homework problems in assignments and included in the 
solution manual. 


Homework Problems 

The number of homework problems has been greatly expanded and now exceeds 2800. A 
large number of introductory problems have been added to coverall aspects of the chapter 
material. We have furthermore separated the problems into sections according to subject for 
easy selection according to the particular coverage given. A number of more comprehensive 
problems have been retained and grouped in the end as review problems. 


Tables 

The tables of the substances have been expanded to include alternative refrigerant 
R-410a which is the replacement for R -22 and carbon dioxide which is a natural refri- 
gerant. Several more new substance have been included in the software. The ideal gas tables 
have been printed on a mass basis as well as a mole basis, to reflect their use on mass basis 
early in the text, and mole basis for the combustion and chemical equilibrium chapters. 


Revisions 

In this edition we have incorporated a number of developments and approaches included 
in our recent textbook, Introduction to Engineering Thermodynamics, Richard E. Sonntag 
and Claus Borgnakke, J ohn Wiley & Sons, Inc. (2001). 

In Chapter 3, we first introduce thermodynamic tables, and then note the behavior 
of superheated vapor at progressively lower densities, which leads to the definition of the 
ideal gas model. Also to distinguish the different subjects we made seperate sections for the 
compressibility factor, equations of state and the computerized tables. 

In Chapter 5, the result of ideal gas energy depending only on temperature follows 
the examination of steam table values at different temperatures and pressures. 

Second law presentation in Chapter 7 is streamlined, with better integration of the 
concepts of thermodynamic temperature and ideal gas temperature. We have also expanded 
the discussion about temperature differences in the heat transfer as it influences the heat 
engine and heat pump cycles and finally added a short listing of historical events related to 
thermodynamics. 

The coverage of entropy in Chapter 8 has been rearranged to have sections with 
entropy for solids/liquids and ideal gases followed by the polytropic proccesses before the 
treatment of the irreversible processes. This completes the presentation of the entropy and 
its evaluation for different phases and variation in different reversible processes before 
proceeding to the actual processes. The description of entropy generation in actual pro- 
cesses has been strengthened. It is now more specific with respect to the location of the 
irreversibilities and clearly connecting this to the selected control volume. We have also 
added an example to tie the entropy to the concept of chaos at the molecular level giving a 
real physical meaning to the abstract concept of entropy. 

The analysis for the general control volume in Chapter 9 is extended with the 
presentation of the actual shaft work for the steady state single flow processes leading 
to the simplified version in the Bernoulli equation. We again here reinforce the con- 
cept of entropy generation and where it happens. We have added a new section with a 


comprehensive step by step presentation of a control volume analysis which really is the 
essence of what students should learn. 

A revision of the reversible work and exergy in Chapter 10 has reduced the number 
of equations and focused on the basic idea leading to the concept of reversible work and 
irreversibility. We emphasize that a specific situation is a simplification of the general 
analysis and we then show the exergy comes from the reversible work. This makes the final 
exergy balance equation I ess abstract and its use is explained in the section with engineering 
applications. 

The previous single chapter with cycles has been separated into two chapters as 
explained above as a new feature in this edition. 

M ixturesand moist air in Chapter 13 is retained but we have added a number of prac- 
tical air-conditioning systems and components as examples in the section with engineering 
applications. 

The chapter with property relations has been updated to include the modern devel- 
opment of thermodynamic tables. This introduces the fitting of a dimensionless Helmholtz 
function to experimental data and explains the principles of how the current set of tables 
are calculated. 

Combustion is enhanced with a description of the distillation column and the men- 
tioning of current fuel developments. We have reduced the number examples related to 
the second law and combustion by mentioning the main effects instead. On the other hand 
we added a model of the fuel cell to make this subject more interesting and allow some 
computations of realistic fuel cell performance. Some practical aspects of combustion have 
been moved into the section with engineering applications. 

Chemical equilibrium is made more relevant by a section with coal gasification that 
relies on some equilibrium processes. We also added a NOx formation model in the engi- 
neering application section to show how this depends on chemical equilibrium and leads in 
to more advanced studies of reaction rates in general. 


Expanded Software Included 

In this edition we have included access to the extended software CATT3 that includes a 
number of additional substances besides those included in the printed tables in Appendix B. 
(See registration card inside front cover.) The current set of substances for which the software 
can do the complete tables are: 

Water 

Refrigerants: R-ll, 12, 13, 14, 21, 22, 23, 113, 114, 123, 134a, 152a, 404a, 407c, 
410a, 500, 502, 507a and C 318 

Cryogenics: Ammonia, argon, ethane, ethylene, iso-butane, methane, neon, 
nitrogen, oxygen and propane 

Ideal Gases: air, C0 2 , CO, N, N 2 , NO, N0 2 , H, H 2 , H 2 0, O, 0 2 , OH 

Some of these are printed in the booklet Thermodynamic and Transport Properties, 
C I ausBorgnakke and Richard E. SonntagJ ohn Wiley and Sons, 1997. Besides the properties 
of the substances just mentioned the software can do the psychrometric chart and the 
compressibility and generalized charts using Lee-Keslers equation- of- state including an 
extension for increased accuracy with the acentric factor. The software can also plot a 
limited number of processes in the T-s and log P-log v diagrams giving the real process 
curves instead of the sketches presented in the text material. 
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FLEXIBILITY IN COVERAGE AND SCOPE 

We have attempted to cover fairly comprehensively the basic subject matter of classical 
thermodynamics, and believe that the book provides adequate preparation for study of the 
application of thermodynamics to the various professional fields as well as for study of more 
advanced topics in thermodynamics, such as those related to materials, surface phenomena, 
plasmas, and cryogenics. We also recognize that a number of colleges offer a single intro- 
ductory course in thermodynamics for all departments, and we have tried to cover those 
topics that the various departments might wish to have included in such a course. However, 
since specific courses vary considerably in prerequisites, specific objectives, duration, and 
background of the students, we have arranged the material, particularly in the later chapters, 
so that there is considerable flexibility in the amount of material that may be covered. 

1 n general we have expanded the number of sections in the material to make it easier 
to select and choose the coverage. 

Units 

Our philosophy regarding units in this edition has been toorganizethebookso thatthecourse 
or sequence can be taught entirely in SI units (LeSysteme International d'U nites). Thus, all 
the text examples are in SI units, as are the complete problem sets and the thermodynamic 
tables. In recognition, however, of the continuing need for engineering graduates to be 
familiar with English Engineering units, we have included an introduction to this system 
in Chapter 2. We have also repeated a sufficient number of examples, problems, and tables 
in these units, which should allow for suitable practice for those who wish to use these 
units. For dealing with English units, the force-mass conversion question between pound 
mass and pound force is treated simply as a units conversion, without using an explicit 
conversion constant. Throughout, symbols, units and sign conventions are treated as in 
previous editions. 

Supplements and Additional Support 

Additional support is made available through the website at www.wiley.com/college/ 
borgnakke. Through this there is access to tutorials and reviews of all the basic mate- 
rial through Thermonet also indicated in the main text. This allows students to go through 
a self-paced study developing the basic skill set associated with the various subjects usually 
covered in a first course in thermodynamics. 

We have tried to incl ude material appropriate and sufficient for a two-semester course 
sequence, and to provide flexibility for choice of topic coverage. Instructors may want 
to visit the publisher’s Website at www.wiley.com/college/borgnakke for information and 
suggestions on possible course structure and schedules, additional study problem material, 
and current errata for the book. 
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Symbols 


a acceleration 

A area 

a, A specific Helmholtz function and total Helmholtz function 

AF air-fuel ratio 

B s adiabatic bulk modulus 

B t isothermal bulk modulus 

c velocity of sound 

c mass fraction 

C D coefficient of discharge 

C p constant-pressure specific heat 

C v constant-volume specific heat 

C po zero-pressure constant-pressure specific heat 

C vo zero-pressure constant-volume specific heat 

COP coefficient of performance 

CR compression ratio 

e, E specific energy and total energy 

EMF electromotive force 

F force 

FA fuel-air ratio 

g acceleration due to gravity 

g, G specific Gibbs function and total Gibbs function 

h, H specific enthalpy and total enthalpy 

HV heating value 

/ electrical current 

/ irreversibility 

J proportionality factor to relate units of work to units of heat 

k specific heat ratio: C p /C v 

K equilibrium constant 

KE kinetic energy 

L length 

m mass 

rh mass flow rate 

M molecular mass 

M Mach number 

n number of moles 

n polytropic exponent 

P pressure 

P, partial pressure of component/ in a mixture 

PE potential energy 
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Pr 

Pr 

q,Q 

Q 

Q H >Q L 

R 

R 

s, 5 

Sgen 

Sgen 

t 

T 

T r 

u, U 

v , 1 / 
v r 

V 

w, 1 / 1 / 

W 

M/ rev 

X 

y 

y 

z 

z 

z 


reduced pressure PIP C 

relative pressure as used in gas tables 

heat transfer per unit mass and total heat transfer 

rate of heat transfer 

heat transfer with high-temperature body and heat transfer with 

low-temperature body; sign determined from context 

gas constant 

universal gas constant 

specific entropy and total entropy 

entropy generation 

rate of entropy generation 

time 

temperature 

reduced temperature T IT c 

specific internal energy and total internal energy 

specific volume and total volume 

relative specific volume as used in gas tables 

velocity 

work per unit mass and total work 
rate of work, or power 
reversible work between two states 
quality 

gas-phase mole fraction 
extraction fraction 
elevation 

compressibility factor 
electrical charge 


Script Letters % 

SP 
9 ■ 


electrical potential 
surface tension 
tension 


Greek Letters a 

a 

a p 

p 

& 

Ps 

pj 

8 

V 

v 

P 

X 

to 

$ 

<p 


residual volume 

dimensionless Helmholtz function a/RT 
volume expansivity 

coefficient of performance for a refrigerator 

coefficient of performance for a heat pump 

adiabatic compressibility 

isothermal compressibility 

dimensionless density p/p c 

efficiency 

chemical potential 

stoichiometric coefficient 

density 

dimensionless temperature variable T c /T 
dimensionless temperature variable 1 — T r 
equivalence ratio 
relative humidity 
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</>, 

exergy or availability for a control mass 


i /r 

exergy, flow availability 


CO 

humidity ratio or specific humidity 


CO 

acentric factor 

Subscripts 

C 

property at the critical point 


C.V. 

control volume 


e 

state of a substance leaving a control volume 


f 

formation 


f 

property of saturated liquid 


fg 

difference in property for saturated vapor and saturated liquid 


g 

i 

i 

property of saturated vapor 

state of a substance entering a control volume 

property of saturated solid 


if 

difference in property for saturated liquid and saturated solid 


ig 

difference in property for saturated vapor and saturated solid 


r 

reduced property 


5 

isentropic process 


0 

property of the surroundings 


0 

stagnation property 

Superscripts 

— 

bar over symbol denotes property on a molal basis (over V , H 
the bar denotes partial molal property) 


o 

property at standard-state condition 


* 

ideal gas 


* 

property at the throat of a nozzle 


irr 

irreversible 


r 

real gas part 


rev 

reversible 



Fundamental Physical Constants 


Avogadro 

N 0 = 6.0 2 2 14 1 5 x 10 23 mol” 1 

Boltzmann 

k = 1.380 6505 x 10- 23 J K' 1 

Planck 

h = 6.626 0693 x 10- 34 Js 

Gas Constant 

R = N 0 k = 8.314472 J mol' 1 K' 1 

Atomic M ass U nit 

m 0 = 1.660 538 86 x 10' 27 kg 

Velocity of light 

c = 2.997 924 58 x 10 8 ms" 1 

Electron Charge 

e = 1.602 176 53 x 10' 19 C 

Electron M ass 

m e = 9.109 3826 x 10' 31 kg 

Proton M ass 

m p = 1.672 621 71 x 10' 27 kg 

Gravitation (Std.) 

g = 9.806 65 ms' 2 

Stefan Boltzmann 

o- = 5.670 400 x 10' 8 W m' 2 K' 4 

M ol here is gram mol. 



Prefixes 


1—* 

O 

1 

deci 

d 

10' 2 

centi 

c 

10' 3 

milli 

m 

I— 1 

o 

1 

CT) 

micro 

/X 

10' 9 

nano 

n 

10' 12 

pico 

P 

10' 15 

fern to 

f 

10 1 

deka 

da 

10 2 

hecto 

h 

10 3 

kilo 

k 

10 6 

mega 

M 

10 9 

giga 

G 

10 12 

tera 

T 

10 15 

peta 

P 


Concentration 


10~ 6 parts per million ppm 



Some Introductory 
Comments 



In the course of our study of thermodynamics, a number of the examples and problems 
presented refer to processes that occur in equipment such as a steam power plant, a fuel cell, 
a vapor-compression refrigerator, a thermoelectric cooler, a turbine or rocket engine, and 
an air separation plant. In this introductory chapter, a brief description of this equipment 
is given. There are at least two reasons for including such a chapter. First, many students 
have had limited contact with such equipment, and the solution of problems will be more 
meaningful when they have some familiarity with the actual processes and the equipment. 
Second, this chapter will provide an introduction to thermodynamics, including the use of 
certain terms (which will be more formally defined in later chapters), some of the problems to 
which thermodynamics can be applied, and some of the things that have been accomplished, 
at least in part, from the application of thermodynamics. 

Thermodynamics is relevant to many processes other than those cited in this chapter, 
it is basic to the study of materials, chemical reactions, and plasmas. The student should 
bear in mind that this chapter is only a brief and necessarily incomplete introduction to the 
subject of thermodynamics. 


1.1 


THE SIMPLE STEAM POWER PLANT 


A schematic diagram of a recently installed steam power plant is shown in Fig. 1.1. 
FI igh-pressure superheated steam I eaves the steam drum at the top of the boiler, also referred 
to as a steam generator, and enters the turbine. The steam expands in the turbine and in doing 
so does work, which enables the turbine to drive the electric generator. The steam, now at 
low pressure, exits the turbine and enters the heat exchanger, where heat is transferred from 
the steam (causing it to condense) to the cooling water. Since large quantities of cooling 
water are required, power plants have traditionally been located near rivers or lakes, leading 
to thermal pollution of those water supplies. M ore recently, condenser cooling water has 
been recycled by evaporating a fraction of the water in large cooling towers, thereby cooling 
the remainder of the water that remains as a liquid. In the power plant shown in Fig. 1.1, 
the plant is designed to recycle the condenser cooling water by using the heated water for 
district space heating. 

The pressure of the condensate leaving the condenser is increased in the pump, en- 
abling it to return to the steam generator for reuse. In many cases, an economizer or water 
preheater is used in the steam cycle, and in many power plants, the air that is used for 
combustion of the fuel may be preheated by the exhaust combustion-product gases. These 
exhaust gases must also be purified before being discharged to the atmosphere, so there are 
many complications to the simple cycle. 
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Figure 1.2 is a photograph of the power plant depicted in Fig. 1.1. The tall building 
shown at the left is the boiler house, next to which are buildings housing the turbine and 
other components. Also noted are the tall chimney, or stack, and the coal supply ship at the 
dock. This particular power plant is located in Denmark, and at the time of its installation it 
seta world record for efficiency, converting 45% of the 850 M W of coal combustion energy 
into electricity. Another 47% is reusable for district space heating, an amount that in older 
plants was simply released to the environment, providing no benefit. 

The steam power plant described utilizes coal as the combustion fuel. Other plants 
use natural gas, fuel oil, or biomass as the fuel. A number of power plants around the world 
operate on the heat released from nuclear reactions instead of fuel combustion. Figure 
1.3 is a schematic diagram of a nuclear marine propulsion power plant. A secondary fluid 
circulates through the reactor, picking up heat generated by the nuclear reaction inside. This 
heat is then transferred to the water in the steam generator. The steam cycle processes are 
the same as in the previous example, but in this application the condenser cooling water is 
seawater, which is then returned at higher temperature to the sea. 


1.2 


FUEL CELLS 


When a conventional power plant is viewed as a whole, as shown in Fig. 1.4, fuel and 
air enter the power plant and products of combustion leave the unit. In addition, heat is 
transferred to the cooling water, and work is done in the form of electrical energy leaving 
the power plant. The overall objective of a power plant is to convert the availability (to do 
work) of the fuel into work (in the form of electrical energy) in the most efficient manner, 
taking into consideration cost, space, safety, and environmental concerns. 
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FIGURE 1.2 The Esbjerg, Denmark, power station. (Courtesy Vestkraft 1996.) 
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Schematic d iagram of a shipboard nuclear propulsion system. (Courtesy Babcock & Wilcox Co.) 


We might well ask whether all the equipment in the power plant, such as the steam 
generator, the turbine, the condenser, and the pump, is necessary. Is it possible to produce 
electrical energy from the fuel in a more direct manner? 

The fuel cell accomplishes this objective. Figure 1.5 shows a schematic arrangement 
of a fuel cell of the ion-exchange membrane type. In this fuel cell, hydrogen and oxygen 
react to form water. Hydrogen gas enters at the anode side and is ionized at the surface of the 
ion-exchange membrane, as indicated in Fig. 1.5. The electrons flow through the external 
circuit to the cathode while the positive hydrogen ions migrate through the membrane to 
the cathode, where both react with oxygen to form water. 

T here i s a potenti al difference between the anode and cathode, and thus there i s a fl ow 
of electricity through a potential difference; this, in thermodynamic terms, is called work. 
There may also be a transfer of heat between the fuel cell and the surroundings. 

At the present time, the fuel used in fuel cells is usually either hydrogen ora mixture 
of gaseous hydrocarbons and hydrogen. The oxidizer is usually oxygen. However, current 
development is directed toward the production of fuel cel Is that use hydrogen or hydrocarbon 
fuels and air. Although the conventional (or nuclear) steam power plant is still used in 
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Heat transfer to 
cooling water 





THE VAPOR-COMPRESSION REFRIGERATION CYCLE ■ 5 


FIGURE 1.5 

Schematic arrangement 
of an ion-exchange 
membrane type of fuel 
cell. 



large-scale power-generating systems, and although conventional piston engines and gas 
turbines are still used in most transportation power systems, the fuel cell may eventually 
become a serious competitor. The fuel cell is already being used to produce power for the 
space program and other special applications. 

Thermodynamics plays a vital role in the analysis, development, and design of all 
power-producing systems, including reciprocating internal-combustion engines and gas 
turbines. Considerations such as the increase in efficiency, improved design, optimum 
operating conditions, reduced environmental pollution, and alternate methods of power 
generation involve, among other factors, the careful application of the fundamentals of 
thermodynamics. 


1.3 


THE VAPOR-COMPRESSION 
REFRIGERATION CYCLE 


A simple vapor-compression refrigeration cycle is shown schematically in Fig. 1.6. The 
refrigerant enters the compressor as a slightly superheated vapor at a low pressure. It then 
I eaves the compressor and enters the condenser as a vapor at an elevated pressure, where the 
refrigerant is condensed as heat is transferred to cooling water or to the surroundings. The 
refrigerant then leaves the condenser as a high-pressure liquid. The pressure of the liquid is 
decreased as it flows through the expansion valve, and as a result, some of the liquid flashes 
into cold vapor. The remaining liquid, now at a low pressure and temperature, is vaporized 
in the evaporator as heat is transferred from the refrigerated space. This vapor then reenters 
the compressor. 

In atypical home refrigerator the compressor is located at the rear near the bottom of 
the unit. The compressors are usually hermetically sealed; that is, the motor and compressor 
are mounted in a sealed housing, and the electric leads for the motor pass through this 
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FIGURE 1.6 

Schematic diagram of a 
simple refrigeration 
cycle. 
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A refrigeration unit for an air-conditioning system. (Courtesy Carrier Air Conditioning Co.) 
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housing. This seal prevents leakage of the refrigerant. The condenser is also located at the 
back of the refrigerator and is arranged so that the air in the room flows past the condenser 
by natural convection. The expansion valve takes the form of a long capillary tube, and the 
evaporator is located around the outside of the freezing compartment inside the refrigerator. 

Figure 1.7 shows a large centrifugal unit that is used to provide refrigeration for an 
air-conditioning unit. In this unit, water is cooled and then circulated to provide cooling 
where needed. 


1.4 


THE THERMOELECTRIC REFRIGERATOR 


We may well ask the same question about the vapor-compression refrigerator that we asked 
about the steam power plant: is it possible to accomplish our objective in a more direct 
manner? I sit possible, in the case of a refrigerator, to use the electrical energy (which goes to 
the electric motor that drives the compressor) to produce cooling in a more direct manner and 
thereby to avoi d the cost of the com pressor, condenser, evaporator, and al I the rel ated piping? 

The thermoelectric refrigerator is such a device. This is shown schematically in Fig. 
1.8a. The thermoelectric device, like the conventional thermocouple, uses two dissimilar 
materials. There are two junctions between these two materials in a thermoelectric refriger- 
ator. One is located in the refrigerated space and the other in ambient surroundings. When 
a potential difference is applied, as indicated, the temperature of the junction located in 
the refrigerated space will decrease and the temperature of the other junction will increase. 
U nder steady-state operating conditions, heat will be transferred from the refrigerated space 
to thecoidjunction.The other j uncti on will be at a temperature above the ambient, and heat 
will be transferred from the junction to the surroundings. 

A thermoelectric device can also be used to generate power by replacing the refriger- 
ated space with a body that is at a temperature above the ambient. Such a system is shown 
in Fig. 1.8b. 
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FIGURE 1.8 (a) A thermoelectric refrigerator. ( b ) A thermoelectric power generation device. 
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The thermoelectric refrigerator cannot yet compete economically with conventional 
vapor-compression units. However, in certain special applications, the thermoelectric 
refrigerator is already is use and, in view of research and development efforts underway in 
this field, it is quite possible that thermoelectric refrigerators will be much more extensively 
used in the future. 


1.5 


THE AIR SEPARATION PLANT 


One process of great industrial significance is air separation, in an air separation plant, air 
is separated into its various components. The oxygen, nitrogen, argon, and rare gases so 
produced are used extensively in various industrial, research, space, and consumer-goods 
applications. The air separation plant can be considered an examplefrom two maj or fields: 
chemical processing and cryogenics. Cryogenics is a term applied to technology, processes, 
and research atvery low temperatures (in general, below about -125°C (-193 F). In both 
chemical processing and cryogenics, thermodynamics is basic to an understanding of many 
phenomena and to the design and development of processes and equipment. 

Air separation plants of many different designs have been developed. Consider Fig. 
1.9, a simplified sketch of atypeof pi ant that i s frequently used. Airfrom the atmosphere is 
compressed to a pressure of 2 to 3 M Pa (20 to 30 times normal atmospheric pressure). It is 
then purified, particularly to remove carbon di oxi de (which would plug theflow passages as 
it solidifies when the air is cooled to its liquefaction temperature). The air is then compressed 
to a pressure of 15 to 20 M Pa, cooled to the ambient temperature in the aftercooler, and 
dried to remove the water vapor (which would also plug theflow passages as it freezes). 


FIGURE 1.9 A 

simplified diagram of a 
liquid oxygen plant. 
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The basic refrigeration in the liquefaction process is provided by two different pro- 
cesses. in one process the air in the expansion engine expands. During this process the air 
does work and, as a result, the temperature of the air is reduced. In the other refrigeration 
process air passes through a throttle valve that is so designed and so located that there is a 
substantial drop in the pressure of the air and, associated with this, a substantial drop in the 
temperature of the air. 

As shown in Fig. 1.9, the dry, high-pressure air enters a heat exchanger. As the air 
flows through the heat exchanger, its temperature drops. At some intermediate point in the 
heat exchanger, part of the air is bled off and flows through the expansion engine. The 
remaining air flows through the rest of the heat exchanger and through the throttle valve. 
The two streams join (both are at a pressure of 0.5 to 1 M Pa) and enter the bottom of the 
distillation column, which is referred to as the high-pressure column. The function of the 
distillation column is to separate the air into its various components, principally oxygen 
and nitrogen. Two streams of different composition flow from the high-pressure column 
through throttle valves to the upper column (also called the low-pressure column ). One of 
these streams is an oxygen-rich liquid that flows from the bottom of the lower column, 
and the other is a nitrogen-rich stream that flows through the subcooler. The separation is 
completed intheuppercolumn. Liquid oxygen leavesfrom the bottom of the upper column, 
and gaseous nitrogen leavesfrom the top of the column. The nitrogen gas flows through the 
subcooler and the main heat exchanger. It is the transfer of heat to this cold nitrogen gas 
that causes the high-pressure air entering the heat exchanger to become cooler. 

Not only is a thermodynamic analysis essential to the design of the system as a 
whole, but essentially every component of such a system, including the compressors, the 
expansion engine, the purifiers and driers, and the distillation column, operates according 
to the principles of thermodynamics. In this separation process we are also concerned with 
the thermodynamic properties of mixtures and the principles and procedures by which 
these mixtures can be separated. This is the type of problem encountered in petroleum 
refining and many other chemical processes. It should also be noted that cryogenics is 
particularly relevant to many aspects of the space program, and a thorough knowledge of 
thermodynamics is essential for creative and effective work in cryogenics. 


1.6 


THE GAS TURBINE 


The basic operation of a gas turbine is similar to that of a steam power plant, except that air 
is used instead of water. Fresh atmospheric airflows through a compressor that brings it to 
a high pressure. Energy is then added by spraying fuel into the air and igniting it so that the 
combustion generates a high-temperature flow. This high-temperature, high-pressure gas 
enters a turbine, where it expands down to the exhaust pressure, producing shaft work output 
in the process. The turbine shaft work is used to drive the compressor and other devices, such 
as an electric generator that may be coupl ed to the shaft. T he energy that i s not used for shaft 
work is released in the exhaust gases, so these gases have either a high temperature or a high 
velocity. The purpose of the gas turbine determines the design so that the most desirable 
energy form is maxi mi zed. An exampl e of a large gas turbinefor stationary power generation 
is shown in Fig. 1.10. The unit has 16 stages of compression and 4 stages in the turbine and 
is rated at 43 M W (43 000 kW ). Notice that since the combustion of fuel uses the oxygen 
in the air, the exhaust gases cannot be recirculated, as the water is in a steam power plant. 

A gas turbine is often the preferred power-generating device where a large amount 
of power is needed but only a small physical size is possible. Examples are jet engines, 
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FIGURE 1.10 A 

43 MW gas turbine. 
(Courtesy General 
Electric Corporation.) 



turbofan jet engines, offshore oil rig power plants, ship engines, helicopter engines, smaller 
local power plants, or peak-load power generators in larger power plants. Since the gas 
turbine has relatively high exhaust temperatures, it can also be arranged so that the exhaust 
gases are used to heat water that runs in a steam power plant before it exhausts to the 
atmosphere. 

In the examples mentioned previously, thejet engine and turboprop applications utilize 
part of the power to discharge the gases at high velocity. This is what generates the thrust 
of the engine that moves the airplane forward. The gas turbines in these applications are 
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therefore designed differently than those for the stationary power plant, where the energy 
is released as shaft work to an electric generator. A n example of a turbofan jet engine used 
in a commercial airplane is shown in Fig. 1.11. The large front-end fan also blows air past 
the engine, providing cooling and giving additional thrust. 


1.7 


THE CHEMICAL ROCKET ENGINE 


The advent of missiles and satellites brought to prominence the use of the rocket engine 
as a propulsion power plant. Chemical rocket engines may be classified as either liquid 
propellant or solid propellant, according to the fuel used. 

Figure 1.12 shows a simplified schematic diagram of a liquid-propellant rocket. The 
oxidizer and fuel are pumped through the injector plate into thecombustion chamber, where 
combustion takes place at high pressure. The high-pressure, high-temperature products of 
combustion expand as they flow through the nozzle, and as a result they leave the nozzle 
with a high velocity. The momentum change associated with this increase in velocity gives 
rise to the forward thrust on the vehicle. 

The oxidizer and fuel must be pumped into thecombustion chamber, and an auxiliary 
power plant is necessary to drive the pumps. In a large rocket this auxiliary power plant 
must be very reliableand havea relatively high power output, yet it must belightin weight. 
The oxidizer and fuel tanks occupy the largest part of the volume of a rocket, and the range 
and payload of a rocket are determined largely by the amount of oxidizer and fuel that can 
be carried. M any different fuels and oxidizers have been considered and tested, and much 
effort has gone into the development of fuels and oxidizers that will give a higher thrust 
per unit mass rate of flow of reactants. Liquid oxygen is frequently used as the oxidizer in 
liquid-propellant rockets, and liquid hydrogen is frequently used as the fuel. 


FIGURE 1.12 

(a) Simplified schematic 
diagram of a 
liquid-propellant rocket 
engine, (b) Photo of the 
NASA space shuttle's 
main engine. 
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M uch work has also been done on solid-propellant rockets. They have been suc- 
cessfully used for jet-assisted takeoffs of airplanes, military missiles, and space vehicles. 
They require much simpler basic equipment for operation and fewer logistic problems are 
involved in their use, but they are more difficult to control. 


1.8 


OTHER APPLICATIONS AND 
ENVIRONMENTAL ISSUES 


There are many other applications in which thermodynamics is relevant. M any municipal 
landfill operations are now utilizing the heat produced by the decomposition of biomass 
waste to produce power, and they also capture the methane gas produced by these chemical 
reactions for use as a fuel. Geothermal sources of heat are also being utilized, as aresolar- 
and windmill-produced electricity. Sources of fuel are being converted from one form to 
another, more usable or convenient form, such as in the gasification of coal or the conversion 
of biomass to liquid fuels. Hydroelectric pi ants have been in usefor many years, as have other 
applications involving water power. Thermodynamics is also relevant to such processes 
as the curing of a poured concrete slab, which produces heat, the cooling of electronic 
equipment, various applications in cryogenics (cryosurgery, food fast-freezing), and many 
other applications. Several of the topics and applications mentioned in this paragraph will 
be examined in detail in later chapters of this book. 

We must also be concerned with environmental issues related to these many devices 
and applications of thermodynamics. For example, the construction and operation of the 
steam power plant creates electricity, which is so deeply entrenched in our society that we 
take its ready availability for granted. In recent years, however, it has become increasingly 
apparent that we need to consider seriously the effects of such an operation on our environ- 
ment. Combustion of hydrocarbon fuels releases carbon dioxide into the atmosphere, where 
its concentration is increasing. Carbon dioxide, aswell as other gases, absorbs infrared radi- 
ation from the surface of the earth, holding it close to the planet and creating the greenhouse 
effect, which in turn causes global warming and critical climatic changes around the earth. 
Power plant combustion, particularly of coal, releases sulfur dioxide, which is absorbed in 
clouds and later falls as acid rain in many areas. Combustion processes in power plants, 
and in gasoline and diesel engines, also generate pollutants other than these two. Species 
such as carbon monoxide, nitric oxides, and partly burned fuels, together with particulates, 
all contribute to atmospheric pollution and are regulated by law for many applications. 
Catalytic converters on automobiles help to minimize the air pollution problem. Figure 1.1 
indicates the fly ash and flue gas cleanup processes that are now incorporated in power 
plants to address these problems. Thermal pollution associated with power plant cooling 
water requirements was discussed in Section 1.1. 

Refrigeration and air-conditioning systems, aswell as other industrial processes, have 
used certain chlorofluorocarbon fluids that eventually find their way to the upper atmosphere 
and destroy the protective ozone layer. M any countries have already banned the production 
of some of these compounds, and the search for improved replacement fluids continues. 

These are only some of the many environmental problems caused by our efforts 
to produce goods and effects intended to improve our way of life. During our study of 
thermodynamics, which is the science of the conversion of energy from one form to another, 
we must continue to reflect on these issues. We must consider how we can eliminate or at least 
minimizedamaging effects, aswell as useour natural resources, efficiently and responsibly. 


Some Concepts 
and Definitions 


One excellent definition of thermodynamics is that it is the science of energy and entropy. 
Since we have not yet defined these terms, an alternate definition in already familiar terms 
is: Thermodynamics is the science that deals with heat and work and those properties 
of substances that bear a relation to heat and work. As with all sciences, the basis of 
thermodynamics is experimental observation, in thermodynamics these findings have been 
formalized into certain basic laws, which are known as the first, second, and third laws of 
thermodynamics, in addition to these laws, thezeroth law of thermodynamics, which in the 
logical development of thermodynamics precedes the first law, has been set forth. 

In the chapters that follow, we will present these laws and the thermodynamic 
properties related to these laws and apply them to a number of representative examples. The 
objective of the student should be to gain both a thorough understanding of thefundamentals 
and an ability to apply them to thermodynamic problems. The examples and problems 
further this twofold objective. It is not necessary for the student to memorize numerous 
equations, for problems are best solved by the application of the definitions and laws of ther- 
modynamics. in this chapter, some concepts and definitions basic to thermodynamics are 
presented. 


2.1 


A THERMODYNAMIC SYSTEM AND 
THE CONTROL VOLUME 


A thermodynamic system is a device or combination of devices containing a quantity of 
matter that is being studied. To define this more precisely, a control volume is chosen so 
that it contains the matter and devices inside a control surface. Everything external to the 
control volume is the surroundings, with the separation provided by the control surface. 
The surface may be open or closed to mass flows, and it may have flows of energy in terms 
of heat transfer and work across it. The boundaries may be movable or stationary. In the 
case of a control surface that is closed to mass flow, so that no mass can escape or enter the 
control volume, it is cal led a control mass containing the same amount of matter at all times. 

Selecting the gas in the cylinder of Fig. 2.1 as a control volume by placing a control 
surface around it, we recognize this as a control mass. If a Bunsen burner is placed under 
the cylinder, the temperature of the gas will increase and the piston will rise. As the piston 
rises, the boundary of the control mass moves. As we will see later, heat and work cross the 
boundary of the control mass during this process, but the matter that composes the control 
mass can always be identified and remains the same. 

An isolated system is one that is not influenced in any way by the surroundings. This 
means that no mass, heat, or work cross the boundary of the system. In many cases, a 
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thermodynamic analysis must be made of a device, such as an air compressor, which has a 
flow of mass into it, out of it, or both, as shown schematically in Fig. 2.2. The procedure 
followed in such an analysis is to specify a control volume that surrounds the device under 
consideration. The surface of this control volume is the control surface, which may be 
crossed by mass momentum, as well as heat and work. 

Thus the more general control surface defines a control volume, where mass may 
flow in or out, with a control mass as the special case of no mass flow in or out. Hence the 
control mass contains a fixed mass at all times, which explains its name. The difference in 
the formulation of the analysis is considered in detail in Chapter 6. The terms closed system 
(fixed mass) and open systen (involving a flow of mass) are sometimes used to make this 
distinction. Here, we use the term syste as a more general and loose description for a 
mass, device, or combination of devices that then is more precisely defined when a control 
volume is selected. The procedure that will be followed in presenting the first and second 
laws of thermodynamics is first to present these laws for a control mass and then to extend 
the analysis to the more general control volume. 


2.2 


MACROSCOPIC VERSUS MICROSCOPIC 
POINTS OF VIEW 


The behavior of a system may be investigated from either a microscopic or macroscopic 
point of view. Let us briefly describe a system from a microscopic point of view. Considera 
system consisting of a cube 25 mm on a side and containing a monatomic gas at atmospheric 
pressure and temperature. This volume contains approximately 10 20 atoms. To describe the 
position of each atom, we need to specify three coordinates; to describe the velocity of each 
atom, we specify three velocity components. 
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Thus, to describe completely the behavior of this system from a microscopic point of 
view, we must deal with at least 6 x 10 20 equations. Even with a large digital computer, 
this is a hopeless computational task. However, there are two approaches to this problem 
that reduce the number of equations and variables to a few that can be computed relatively 
easily. One is the statistical approach, in which, on the basis of statistical considerations 
and probability theory, we deal with average values for all particles under consideration. 
This is usually done in connection with a model of the atom under consideration. This is 
the approach used in the disciplines of kinetic theory and statistical mechanics. 

The other approach to reducing the number of variables to a few that can be handled 
is the macroscopic point of view of classical thermodynamics. As the word macroscopic 
implies, we are concerned with the gross or average effects of many molecules. These 
effects can be perceived by our senses and measured by instruments. However, what we 
really perceiveand measure is the time-averaged influenceof many molecules. Forexample, 
consi der the pressure a gas exerts on the wal Is of its contai ner. This pressure results from the 
change in momentum of the molecules as they collide with the wall. From a macroscopic 
point of view, however, we are concerned not with the action of the individual molecules but 
with the time-averaged force on a given area, which can be measured by a pressure gauge. 
In fact, these macroscopic observations are completely independent of our assumptions 
regarding the nature of matter. 

Although the theory and development in this book are presented from a macroscopic 
point of view, a few supplementary remarks regarding the significance of the microscopic 
perspective are included as an aid to understanding the physical processes involved. Another 
book in this series, Introduction to Thermodynamics: Classical and Statistical, by R. E. 
Sonntag and G . J . Van Wylen, includes thermodynamics from the microscopic and statistical 
point of view. 

A few remarks should be made regarding the continuum. From the macroscopic point 
of view, we are always concerned with volumes that are very large compared to molecular 
dimensions and, therefore, with systems that contain many molecules. Because we are not 
concerned with the behavior of individual molecules, we can treat the substance as being 
continuous, disregarding the action of individual molecules. This continuun concept, of 
course, is only a convenient assumption that loses validity when the mean free path of 
the molecules approaches the order of magnitude of the dimensions of the vessel, as, 
forexample, in high-vacuum technology. In much engineering work the assumption of a 
continuum is valid and convenient, going hand in hand with the macroscopic point of view. 


2.3 


PROPERTIES AND STATE OF A SUBSTANCE 


ThEMtNET 


If we consider a given mass of water, we recognize that this water can exist in various forms. 
If it is a liquid initially, it may become a vapor when it is heated or a solid when it is cooled. 
Thus, we speak of the different phases of a substance. A phar is defined as a quantity of 
matter that i s homogeneous throughout. W hen more than one phase i s present, the phases are 
separated from each other by the phase boundaries. I n each phase the substance may exist at 
various pressures and temperatures or, to use the thermodynamic term, in various states. The 
state may be identified or described by certain observable, macroscopic properties; some fa- 
mi liar ones are temperature, pressure, and density, in later chapters, other properties will be 
introduced. Each of the properties of a substance in a given state has only one definite value, 
and these properties always have the same value for a given state, regardless of how the 


16 ■ CHAPTER TWO SOME CONCEPTS AND DEFINITIONS 


substance arrived at the state, i n fact, a property can be defined as any quantity that depends 
on the state of the system and isindependentof the path (that is, the prior hi story) by which the 
system arrived at the given state. Conversely, the state is specified or described by the proper- 
ties. Later we will consider the number of independent properties a substance can have, that 
is, the mini mum number of properties that must be specified to fix the state of the substance. 

Thermodynamic properties can be divided into two general classes: intensive and ex- 
tensive. An intensive property isindependentof the mass; the value of an extensive property 
varies directly with the mass. Thus, if a quantity of matter in a given state is divided into two 
equal parts, each partwill havethesamevalueof intensive properties as theoriginal and half 
the value of the extensive properties. Pressure, temperature, and density are examples of 
intensive properties. M ass and total volume are examples of extensive properties. Extensive 
properties per unit mass, such as specific volume, are intensive properties. 

Frequently we will refer not only to the properties of a substance but also to the 
properties of a system. When we do so, we necessarily imply that the value of the property 
has significance for the entire system, and this implies equilibrium. For example, if the gas 
that composes thesystem (control mass) in Fig. 2.1 is in thermal equilibrium, the temperature 
will be the same throughout the entire system, and we may speak of the temperature as a 
property of the system. We may also consider mechanical equilibrium, which is related to 
pressure. If a system is in mechanical equilibrium, there is no tendency for the pressure 
at any point to change with time as long as the system is isolated from the surroundings. 
There will be variation in pressure with elevation because of the influence of gravitational 
forces, although under equilibrium conditions there will be no tendency for the pressure 
at any location to change. Flowever, in many thermodynamic problems, this variation in 
pressure with elevation is so small that it can be neglected. Chemical equilibrium is also 
important and will be considered in Chapter 16. When a system is in equilibrium regarding 
all possible changes of state, we say that the system is in thermodynamic equilibrium. 


2.4 


PROCESSES AND CYCLES 


W henever one or more of the properties of a system change, we say that a change in state 
has occurred. For example, when one of the weights on the piston in Fig. 2.3 is removed, 
the piston rises and a change in state occurs, for the pressure decreases and the specific 
volume increases. The path of the succession of states through which the system passes is 
called the process. 

Let us consider the equilibrium of a system as it undergoes a change in state. The 
moment the weight is removed from the piston in Fig. 2.3, mechanical equilibrium does 
not exist; as a result, the piston is moved upward until mechanical equilibrium is restored. 


FIGURE 2.3 Example 
of a system that may 
undergo a quasi- 
equilibrium process. 


Weights 


Piston — 

System 

boundary 


Gas 


L. 
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The question is this: Since the properties describe the state of a system only when it is 
in equilibrium, how can we describe the states of a system during a process if the actual 
process occurs only when equilibrium does not exist? One step in finding the answer to 
this question concerns the definition of an ideal process, which we call a quasi-equilibrium 
process. A quasi-equilibrium process is one in which the deviation from thermodynamic 
equilibrium is infinitesimal, and all the states the system passes through during a quasi- 
equilibrium process may be considered equilibrium states. M any actual processes closely 
approach a quasi-equilibrium process and may be so treated with essentially no error. If 
the weights on the piston in Fig. 2.3 are small and are taken off one by one, the process 
could be considered quasi-equilibrium. However, if all the weights are removed atonce, the 
piston will rise rapidly until it hits the stops. This would be a nonequilibrium process, and 
the system would not be in equilibrium at any time during this change of state. 

For nonequilibrium processes, we are limited to a description of the system before 
the process occurs and after the process is completed and equilibrium is restored. We are 
unable to specify each state through which the system passes or the rate at which the process 
occurs. However, as we will see later, we are able to describe certain overall effects that 
occur during the process. 

Several processes are described by the fact that one property remains constant. The 
prefix iso- i s used to descri be such a process. A n i sothermal process i s a constant- tern perature 
process, an isobaric (sometimes called isopiestic) process is a constant-pressure process, 
and an isochoric process is a constant-volume process. 

When a system in a given initial state goes through a number of different changes of 
state or processes and finally returns to its initial state, the system has undergone a cycle. 
Therefore, at the conclusion of a cycle, all the properties have the same value they had at 
the beginning. Steam (water) that circulates through a steam power plant undergoes a cycle. 

A distinction should be made between a thermodynamic cycle, which hasjust been 
described, and a mechanical cycle. A four-stroke-cycle internal-combustion engine goes 
through a mechanical cycle once every two revolutions. However, the working fluid does 
not go through a thermodynamic cycle in the engine, since air and fuel are burned and 
changed to products of combustion that are exhausted to the atmosphere, in this book, the 
term cycle will refer to a thermodynamic cycle unless otherwise designated. 


ThBWNET 


2.5 


UNITS FOR MASS, LENGTH, TIME, AND FORCE 


Since we are considering thermodynamic properties from a macroscopic perspective, we 
are dealing with quantities that can, either directly or indirectly, be measured and counted. 
Therefore, the matter of units becomes an important consideration. In the remaining sec- 
tions of this chapter we will define certain thermodynamic properties and the basic units. 
Because the relation between force and mass is often difficult for students to understand, it 
is considered in this section in some detail. 

Force, mass, length, and time are related by Newton's second law of motion, which 
states that the force acting on a body is proportional to the product of the mass and the 
acceleration in the direction of the force: 


F oc ma 

Theconceptof timeiswell established. The basic unitof time is the second (s), which 
in the past was defined in terms of the solar day, the time interval for one complete revolution 
of the earth relative to the sun. Since this period varies with the season of the year, an 
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TABLE 2.1 

UrutPrefkes 


Factor 

Prefix 

Symbol 

Factor 

Prefix 

Symbol 

10 12 

tera 

T 

1CH 

milli 

m 

10 9 

giga 

G 

io- 6 

micro 

M 

10 6 

mega 

M 

10~ 9 

nano 

n 

10 3 

kilo 

k 

io- 12 

pi CO 

P 


average value over a 1-year period is called the mean solar day, and the mean solar second 
is 1/86 400 of the mean solar day. (The earth's rotation is sometimes measured relative to a 
fixed star, in which case the period is cal led a sidereal day.) In 1967, the General Conference 
of Weights and M easures (CGPM ) adopted a definition of the second as the time required 
for a beam of cesium- 133 atoms to resonate 9 192 631 770 cycles in a cesium resonator. 

For periods of time less than 1 s, the prefixes milli, micro, nano, or p/co, as listed in 
Table 2.1, are commonly used. For longer periods of time, the units minute (min), hour (h), 
or day (day) are frequently used. It should be pointed out that the prefixes in Table 2.1 are 
used with many other units as well. 

The concept of length is also well established. The basic unit of length is the meter (m). 
For many years the accepted standard was the International Prototype M eter, the distance 
between two marks on a platinum-iridium bar under certain prescribed conditions. This 
bar is maintained at the International Bureau of Weights and Measures in Sevres, France, 
in 1960, the CGPM adopted a definition of the meter as a length equal to 1 650 763.73 
wavelengths in a vacuum of the orange-red line of krypton-86. Then in 1983, the CGPM 
adopted a more precise definition of the meter in terms of the speed of light (which is now 
a fixed constant): The meter is the length of the path traveled by light in a vacuum during a 
time interval of 1/299 792 458 of a second. 

The fundamental unit of mass is the kilogram (kg). As adopted by the first CGPM in 
1889 and restated in 1901, it is the mass of a certain platinum-iridium cylinder maintained 
under prescribed conditions at the International Bureau of Weights and M easures. A related 
unit that is used frequently in thermodynamics is the mole (mol), defined as an amount of 
substance containing as many elementary entities as there are atoms in 0.012 kg of carbon- 
12. These elementary entities must be specified; they may be atoms, molecules, electrons, 
ions, or other particles or specifi c groups. Forexample, onemoleof diatomic oxygen, having 
a molecular mass of 32 (compared to 12 for carbon), has a mass of 0.032 kg. The mole is 
often termed a gram mole, since it is an amount of substance in grams numerically equal to 
the molecular mass. In this book, when using the metric SI system, we will find it preferable 
to use the kilomole (kmol), the amount of substance in kilograms numerically equal to the 
molecular mass, rather than the mole. 

The system of units in use presently throughout most of the world is the metric 
International System, commonly referred to as SI units (from Le Systeme International 
d’ Unites). In this system, the second, meter, and kilogram are the basic units for time, 
length, and mass, respectively, asjust defined, andtheunitof force is defined directly from 
Newton's second law. 

Therefore, a proportionality constant is unnecessary, and we may write that law as an 
equality: 


F — ma 


( 2 . 1 ) 
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The unit of force is the newton (N), which by definition is the force required to accelerate 
a mass of one kilogram at the rate of one meter per second per second: 

IN = 1 kg m/s 2 

It is worth noting that SI units derived from proper nouns use capital letters for symbols; 
others use lowercase letters. The liter, with the symbol L, is an exception. 

The traditional system of units used in the U nited States is the English Engineering 
System. In this system the unit of time is the second, which was discussed earlier. The basic 
unit of length is the foot (ft), which at present is defined in terms of the meter as 

1 ft = 0.3048 m 

The inch (in.) is defined in terms of the foot: 

12 in. = 1ft 

The unit of mass in this system is the pound mass (Ibm). It was originally defined as the 
mass of a certain platinum cylinder kept in the Tower of London, but now it is defined in 
terms of the kilogram as 

1 Ibm = 0.453 592 37 kg 

A related unit is the pound mole (lb mol), which is an amount of substance in pounds mass 
numerically equal to the molecular mass of that substance. It is important to distinguish 
between a pound mole and a mole (gram mole). 

In the English Engineering System of Units, the unit of force is the pound force 
(Ibf), defined as the force with which the standard pound mass is attracted to the earth 
under conditions of standard acceleration of gravity, which is that at 45° latitude and sea 
level elevation, 9.806 65 m/s 2 or 32.1740 ft/s 2 . Thus, it follows from Newton's second law 
that 

1 Ibf = 32.174 Ibm ft/s 2 

which is a necessary factor for the purpose of units conversion and consistency. N ote that 
we must be careful to distinguish between a Ibm and a Ibf, and we do not use the term 
pound alone. 

The term weight is often used with respect to a body and is sometimes confused with 
mass. Weight is really correctly used only as a force. W hen we say that a body weighs so 
much, we mean that this is the force with which it is attracted to the earth (or some other 
body), that is, the product of its mass and the local gravitational acceleration. The mass of 
a substance remains constant with elevation, but its weight varies with elevation. 

EXAMPLE 2.1 

W hat is the weight of a 1 kg mass at an altitude where the local acceleration of gravity is 
9.75 m/s 2 ? 

Solution 

Weight is the force acting on the mass, which from N ewton's second law is 

F = mg — 1 kg x 9.75 m/s 2 x [1 N s 2 /kg m] = 9.75 N 
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EXAMP^ W hat is the weight of a 1 Ibm mass at an altitude where the local acceleration of gravity 

is 32.0 ft/s 2 ? 

Solution 

Weight is the force acting on the mass, which from Newton's second law is 

F = mg = 1 Ibm x 32.0 ft/s 2 x [Ibf s 2 /32.174 Ibm ft] = 0.9946 Ibf 


2.6 


ENERGY 


O ne very i mportant concept i n a study of thermodynamics i s energy. E nergy is a fundamental 
concept, such as mass or force, and, as is often the case with such concepts, it is very difficult 
to define. Energy has been defined as the capability to produce an effect. Fortunately the 
word energy and the basic concept that this word represents are familiar to us in everyday 
usage, and a precise definition is not essential at this point. 

Energy can be stored within a system and can be transferred (as heat, for example) 
from one system to another. In a study of statistical thermodynamics we would examine, 
from a molecular point of view, the ways in which energy can be stored. Because it is helpful 
in a study of classical thermodynamics to have some notion of how this energy is stored, a 
brief introduction is presented here. 

Consider as a system a certain gas at a given pressure and temperature contained within 
a tank or pressure vessel. Using the molecular point of view, we identify three general forms 
of energy: 


1. 1 ntermol ecul ar potential energy, which is associated with the forces between 
molecules 

2 . M olecular kinetic energy, which is associated with the translational velocity of indi- 
vidual molecules 

3 . Intramolecular energy (that within the individual molecules), which is associated with 
the molecular and atomic structure and related forces 


The first of these forms of energy, i ntermol ecul ar potential energy, depends on the 
magnitude of the intermolecular forces and the position of the molecules relative to each 
other at any instant of time. It is impossible to determine accurately the magnitude of this en- 
ergy because we do not know either the exact configuration and orientation of the molecules 
at any timeortheexactintermolecular potential function. However, there are two situations 
for which we can make good approximations. The first situation is at low or moderate den- 
sities. i n this case the molecules are relatively widely spaced, so that only two-molecule or 
two- and three-molecule interactions contribute to the potential energy. At these low and 
moderate densities, techniques are avail able for determining, with reasonable accuracy, the 
potential energy of a system composed of fairly simple molecules. The second situation is 
at very low densities; under these conditions, the average intermolecular distance between 
molecules is so large that the potential energy may be assumed to be zero. Consequently, 
we have in this case a system of independent particles (an ideal gas) and, therefore, from a 
statistical point of view, we are able to concentrate our efforts on evaluating the molecular 
translational and internal energies. 
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FIGURE 2.4 The 

coordinate system for a 
diatomic molecule. 



The translational energy, which depends only on the mass and velocities of the 
molecules, is determined by using the equations of mechanics— either quantum or classical. 

The intramolecular internal energy is more difficult to evaluate because, in general, 
it may result from a number of contributions. Consider a simple monatomic gas such as 
helium. Each molecule consists of a helium atom. Such an atom possesses electronic energy 
as a result of both orbital angular momentum of the electrons about the nucleus and angular 
momentum of the electrons spinning on their axes. The electronic energy is commonly very 
small compared with the translational energies. (A toms also possess nuclear energy, which, 
except in the case of nuclear reactions, is constant. We are not concerned with nuclear energy 
at this time.) W hen we consider more complex molecules, such as those composed of two or 
three atoms, additional factors must be considered. In addition to having electronic energy, a 
molecule can rotate about its center of gravity and thus have rotational energy. Furthermore, 
the atoms may vibrate with respect to each other and have vibrational energy. In some 
situations there may bean interaction between therotational and vibrational modes of energy. 

In evaluating the energy of a molecule, weoften refer to the degree of freedom, f, of 
these energy modes. For a monatomic molecule such as helium, f = 3, which represents 
the three directions x, y, and z in which the molecule can move. For a diatomic molecule, 
such as oxygen, f = 6. Three of these are the translation of the molecule as a whole in the 
x, y, and z directions, and two are for rotation. The reason why there are only two modes of 
rotational energy isevidentfrom Fig. 2.4, where wetaketheorigin of the coordinate system 
at the center of gravity of the molecule, and they-axis along the molecule's internuclear 
axis. The molecule will then have an appreciable moment of inertia about the x-axis and the 
z-axis but not about they-axis. The sixth degree of freedom of the molecule is vibration, 
which relates to stretching of the bond joining the atoms. 

For a more complex molecule such as H 2 0, there are additional vibrational degrees 
of freedom. Figure 2.5 shows a model of the FI 2 0 molecule. From this diagram, it is evident 
that there are three vibrational degrees of freedom. It is also possible to have rotational 
energy about all three axes. Thus, for the H 2 0 molecule, there are nine degrees of freedom 
( f = 9): three translational, three rotational, and three vibrational. 


The three 

principal vibrational 
modes for the H 2 O 
molecule. 
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FIGURE 2.6 Heat 
transfer to H2O. 


M ost complex molecules, such as typical polyatomic molecules, are usually three- 
dimensional in structure and have multiple vibrational modes, each of which contributes to 
the energy storage of the molecule. The more complicated the molecule is, the larger the 
number of degrees of freedom that exist for energy storage. The modes of energy storage 
and their evaluation are discussed in some detail in Appendix C for those interested in 
further development of the quantitative effects from a molecular viewpoint. 

This general discussion can be summarized by referring to Fig. 2.6. Let heat be 
transferred to H 2 0. During this process the temperature of the liquid and vapor (steam) 
will increase, and eventually all the liquid will become vapor. From the macroscopic point 
of view, we are concerned only with the energy that is transferred as heat, the change in 
properties such as temperature and pressure, and the total amount of energy (relative to 
somebase) thattheH 2 0 contains at any instant. Thus, questions about how energy isstored 
in the H 2 0 do not concern us. From a microscopic viewpoint, we are concerned about the 
way in which energy is stored in the molecules. We might be interested in developing a 
model of the molecule so that we can predict the amount of energy required to change 
the temperature a given amount. Although the focus in this book is on the macroscopic or 
classical viewpoint, it is helpful to keep in mind the microscopic or statistical perspectiveas 
well, as the relationship between the two helps us understand basic concepts such as energy. 


In-Text Concept Questions 

a. M ake a control volume around the turbine in the steam power plant in Fig. 1.1 and 
list the flows of mass and energy located there. 

b. Take a control volume around your kitchen refrigerator, indicate where the compo- 
nents shown in Fig. 1.6 are located, and show all energy transfers. 


2.7 


SPECIFIC VOLUME AND DENSITY 


The specific volume of a substance is defined as the volume per unit mass and is given 
the symbol v. The density of a substance is defined as the mass per unit volume, and it 
is therefore the reciprocal of the specific volume. Density is designated by the symbol p. 
Specific volume and density are intensive properties. 

The specific volumeof a system in a gravitational field may vary from point to point. 
For example, if the atmosphere is considered a system, the specific volume increases as 
the elevation increases. Therefore, the definition of specific volume involves the specific 
volumeof a substance at a point in a system. 

Consider a small volume SV of a system, and let the mass be designated Sm. The 
specific volume is defined by the relation 


v = 


SV 


lim — 

sv^-sv' Sm 


where SV' is the smallest volume for which the mass can be considered a continuum. 
Volumes smaller than this will lead to the recognition that mass is not evenly distributed in 
space but is concentrated in particles as molecules, atoms, electrons, etc. This istentatively 
indicated in Fig. 2.7, whereinthelimitof azero volume the specific volume may beinfinite 
(the volume does not contain any mass) or very small (the volume is part of a nucleus). 
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FIGURE 2.7 The 

continuum limit for the 
specific volume. 



Thus, in a given system, we should speak of the specific volume or density at a point 
in the system and recognize that this may vary with elevation. However, most of the systems 
that we consider are relatively small, and the change in specific volume with elevation is 
not significant. Therefore, we can speak of one value of specific volume or density for the 
entire system. 

I n this book, the specific volumeand density will be given either on a mass or a mole ba- 
sis. A bar over the symbol (lowercase) will be used to designate the property on a mole basis. 
Thus, v will designate molal specific volumeand p will designate molal density. In SI units, 
those for specific volume are m 3 /kg and m 3 /mol (orm 3 /kmol); for density the corresponding 
units are kg/m 3 and mol/m 3 (or kmol/m 3 ). In English units, those for specific volume are 
ft 3 /lbm and ft 3 /lb mol; the corresponding units for density are lbm/ft 3 and lb mol/ft 3 . 

A Ithough the SI unit for volume is the cubic meter, a commonly used volume unit is 
the liter (L), which is a special name given to a volume of 0.001 cubic meters, that is, 1 L = 
10^ 3 m 3 . The general ranges of density for some common solids, liquids, and gases are 
shown in Fig. 2.8. Specific values for various solids, liquids, and gases in SI units are listed 
in Tables A .3, A .4, and A .5, respectively, and in English units in Tables F.2, F.3, and F.4. 
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EXAMPLE 2.2 


Aim 3 container, shown in Fig. 2.9, is filled with 0.12 m 3 of granite, 0.15 m 3 of sand, and 
0.2 m 3 of liquid 25°C water; the rest of the volume, 0.53 m 3 , is air with a density of 1.15 
kg/m 3 . Find the overall (average) specific volume and density. 

Solution 

From the definition of specific volume and density we have 
v = V /m and p = m/V = 1/v 

We need to find the total mass, taking density from Tables A .3 and A .4: 

^granite = $ granite = 2750 kg/m 3 X 0.12 ITI 3 = 330 kg 
m s and = Psand i/sand = 1500 kg/m 3 x 0.15 m 3 = 225 kg 
fflwater = Pwater ^water = 997 kg/m 3 X 0.2 ITI 3 = 199.4 kg 
m air = pair l/gir = 1.15 kg/m 3 x 0.53 m 3 = 0.61 kg 




Sketch for Example 2.2. 


N ow the total mass becomes 

ffltot = ^granite + f^sand + /Tlwater + ^air = 755 kg 
and the specific volume and density can be calculated: 

v = l/tot/mtot = 1 m 3 /755 kg = 0.001325 m 3 /kg 
p = mtot/l/tot = 755 kg/1 m 3 = 755 kg/m 3 

Remark: It is misleading to include air in the numbers for p and V , as the air is separate 
from the rest of the mass. 


In-Text Concept Questions 

c. Why do people float high in the water when swimming in the Dead Sea as compared 
with swimming in a freshwater lake? 

d. The density of liquid water is p = 1008 — T /2 [kg/m 3 ] withT in °C. If the temperature 
increases, what happens to the density and specific volume? 
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2.8 


PRESSURE 


When dealing with liquids and gases, we ordinarily speak of pressure; for solids we speak 
of stresses. The pressure in a fluid at rest at a given point is the same in all directions, and 
we define pressure as the normal component of force per unit area. M ore specifically, if <5 A 
is a small area, 8A' is the smallest area over which we can consider the fluid a continuum, 
and SF n is the component of force normal to 8A, we define pressure, P, as 


P 


,. SF n 
hm — - 

8A->8A' SA 


where the lower limit corresponds to sizes as mentioned for the specific volume, shown in 
Fig. 2.7. The pressure P at a point in a fluid in equilibrium is the same in all directions. In 
a viscous fluid in motion, the variation in the state of stress with orientation becomes an 
important consideration. These considerations are beyond the scope of this book, and we 
will consider pressure only in terms of a fluid in equilibrium. 

The unitfor pressure in the International System is theforceof one newton acting on 
a square meter area, which is called the pascal (Pa). That is, 

1 Pa = 1 N /m 2 

Two other units, not part of the International System, continue to be widely used. 
These are the bar, where 

1 bar = 10 5 Pa = 0.1 MPa 


and the standard atmosphere, where 

1 atm = 101 325 Pa = 14.696 lbf/in. 2 

which isslightly larger than the bar. in this book, we will normally usetheSI unit, the pascal, 
and especially the multiples of kilopascal and megapascal. The bar will be utilized often 
in the examples and problems, but the atmosphere will not be used, except in specifying 
certain reference points. 

Consider a gas contained in a cylinder fitted with a movable piston, as shown in 
Fig. 2.10. The pressure exerted by the gas on all of its boundaries is the same, assuming 
that the gas is in an equilibrium state. This pressure is fixed by the external force acting 
on the piston, since there must be a balance of forces for the piston to remain stationary. 
Thus, the product of the pressure and the movable piston area must be equal to the external 
force. If the external force is now changed in either direction, the gas pressure inside must 
accordingly adjust, with appropriate movement of the piston, to establish a force balance 
at a new equilibrium state. As another example, if the gas in the cylinder is heated by an 
outside body, which tends to increase the gas pressure, the piston will move instead, such 
that the pressure remains equal to whatever value is required by the external force. 


FIGURE 2.10 The 

balance of forces on a 
movable boundary 
relates to inside gas 
pressure. 
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EXAMPLi The hydraulic piston/cylinder system shown in Fig. 2.11 has a cylinder diameter of D = 
0.1 m with a piston and rod mass of 25 kg. The rod has a diameter of 0.01 m with an 
outside atmospheric pressure of 101 kPa. The inside hydraulic fluid pressure is 250 kPa. 
How large a force can the rod push within the upward direction? 

Solution 

We will assume a static balance of forces on the piston (positive upward), so 
F net = ma — 0 

= F C y| 4 C y| — Pg(4 C y[ — 4 rod ) — F — W p9 



Sketch for Example 2.3. 


Solve for F : 
The areas are 


F — Pcyl 4 C y| — PoMcyl — 4 rod) — W p9 


4 cy i = nr 2 = itD 2 / 4 = ^0.1 2 m 2 = 0.007 854 m 2 

4 rod = nr 2 = jtD 2 /A = ^0.01 2 m 2 = 0.000 078 54 m 2 
So the force becomes 


F = [250 x 0.007 854 - 101(0.007 854 - 0.000 078 54)]1000 - 25 x 9.81 
= 1963.5 - 785.32 - 245.25 
= 932.9 N 

N ote that we must convert kPa to Pa to get units of N . 


In most thermodynamic investigations we are concerned with absolute pressure. M ost 
pressure and vacuum gauges, however, read the difference between the absolute pressure 
and the atmospheric pressure existing at the gauge. This is referred to as gauge pressure. 
it is shown graphically in Fig. 2.12, and the following examples illustrate the principles. 
Pressures below atmospheric and slightly above atmospheric, and pressure differences (for 
example, across an orifice in a pipe), are frequently measured with a manometer, which 
contains water, mercury, alcohol, oil, or other fluids. 

Consider the column of fluid of height H standing above point B in the manometer 
shown in Fig. 2.13. The force acting downward at the bottom of the column is 

P 0 A +mg = P 0 A + pAgFi 

where m is the mass of the fluid column, A is its cross-sectional area, and p is its density. 
This force must be balanced by the upward force at the bottom of the column, which is P B A. 
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FIGURE 2.12 

Illustration of terms 
used in pressure 
measurement. 


P~ 0 



FIGURE 2.14 

Barometer. 


P 



Ordinary pressure gauge 

A P - ^abs.l — ^atm 



Ordinary vacuum gauge 

- ^atm — ^abs,2 


Barometer reads 
atmospheric pressure 


Therefore, 

Pb -P o = pgH 

Since points A and B are at the same elevation in columns of the same fluid, their pressures 
must be equal (the fluid being measured in the vessel has a much lower density, such that 
its pressureP is equal to P A ). Overall, 

AP = P - P 0 = pgH (2.2) 

For distinguishing between absolute and gauge pressure in this book, the term pascal 
will always refer to absolute pressure. Any gauge pressure will be indicated as such. 

Consider the barometer used to measure atmospheric pressure, as shown in Fig. 
2.14. Since there is a near vacuum in the closed tube above the vertical column of fluid, 
usually mercury, the heigh of the fluid column gives the atmospheric pressure directly from 
Eq. 2.2: 

P atm = pg H 0 (2.3) 


Altm - Po 


8 


-B 

FIGURE 2.13 Example of pressure 
measurement using a column of fluid. 
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EXAMPLE 2.4 

A mercury barometer located in a room at 25°C has a height of 750 mm. What is the 
atmospheric pressure in kPa? 

Solution 

The density of mercury at 25°C is found from Appendix Table A. 4 to be 13 534 kg/m. 3 
Using Eq. 2.3, 

Patm = pgHo = 13 534 X 9.806 65 x 0.750/1000 

= 99.54 kPa 

EXAMPLE 2.5 

A mercury (Hg) manometer is used to measure the pressure in a vessel as shown in 

F ig. 2.13. T he mercury has a density of 13 590 kg/m 3 , and the height difference between the 
two columns is measured to be 24 cm. We want to determine the pressure inside the vessel. 

Solution 

The manometer measures the gauge pressure as a pressure difference. From Eq. 2.2, 

A P = P gauge = pgH = 13 590 x 9.806 65 x 0.24 

= 31 985— = 31 985 Pa = 31.985 kPa 
m 3 s 2 

= 0.316 atm 

To get the absolute pressure inside the vessel, we have 

P A = P vessel = Pf 3 = AP + Patm 

We need to know the atmospheric pressure measured by a barometer (absolute pressure). 
Assume that this pressure is known to be 750 mm Fig. The absolute pressure in the vessel 
becomes 

P vessel = AP + P atm = 31 985 + 13 590 x 0.750 x 9.806 65 
= 31 985 + 99 954 = 131 940 Pa = 1.302 atm 

EXAMPLE 2.5E 

A mercury (Fig) manometer is used to measure the pressure in a vessel as shown in 
Fig. 2.13. The mercury has a density of 848 lbm/ft 3 , and the height difference between the 
two columns is measured to be 9.5 in. We want to determine the pressure inside the vessel. 

Solution 

The manometer measures the gauge pressure as a pressure difference. From Eq. 2.2, 

A P = P g auge = P9 ^ 

n .Jbm „._.ft . c . 1 ft 3 f llbfs 2 

ft 3 s 2 1728 in. 3 [32.174 Ibm ft. 

= 4.66 lbf/in. 2 

To get the absolute pressure inside the vessel, we have 

P A — P vessel = Po = AP + Patm 
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EXAMPLE 2.6 



H 


FIGURE 2.15 Sketch 
for Example 2.6. 


EXAMPLE 2.7 


We need to know the atmospheric pressure measured by a barometer (absolute pressure). 
Assume that this pressure is known to be 29.5 in. Hg. The absolute pressure in the vessel 
becomes 


P vessel — AP + P atm 

= 848 x 32.174 x 29.5 x -2— x 

1728 

= 19.14 lbf/in. 2 


32.174 


+ 4.66 


What is the pressure at the bottom of the 7.5-m-tall storage tank of fluid at 25°C shown 
in Fig. 2.15? Assume that the fluid is gasoline with atmospheric pressure 101 kPa on the 
top surface. Repeat the question for the liquid refrigerant R-134a when the top surface 
pressure is 1 M Pa. 

Solution 

The densities of the liquids are listed in Table A .4: 

Pgasoline = 750 kg/m 3 ; p R .i 34 a = 1206 kg/m 3 
The pressure difference due to gravity is, from Eq. 2.2, 

A P = pgH 

The total pressure is 

P = Ptop + A P 

For the gasoline we get 

A P = pgH = 750 kg/m 3 x 9.807 m/s 2 x 7.5 m = 55 164 Pa 
Now convert all pressures to kPa: 

P = 101 + 55.164 = 156.2 kPa 

For the R-134a we get 

A P = pgH — 1206 kg/m 3 x 9.807 m/s 2 x 7.5 m = 88 704 Pa 
Now convert all pressures to kPa: 

P = 1000 + 88.704 = 1089 kPa 


A piston/cylinder with a cross-sectional area of 0.01 m 2 is connected with a hydraulic 
line to another piston/cylinder with a cross-sectional area of 0.05 m 2 . Assume that both 
chambers and the line are filled with hydraulic fluid of density 900 kg/m 3 and the larger 
second piston/cylinder is6m higher up in elevation. Thetelescopearm and the buckets have 
hydraulic piston/cylinders moving them, as seen in Fig. 2.16. With an outside atmospheric 
pressure of 100 kPa and a net force of 25 kN on the smallest piston, what is the balancing 
force on the second larger piston? 
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II 1 1 1 1 II 

F 

2 


1 


7 

7 


Sketch for Example 2.7. 


Solution 

W hen the fluid is stagnant and at the same elevation, we have the same pressure throughout 
the fl uid. T he force bal ance on the smal I er piston i s then rel ated to the pressure (we negl ect 
the rod area) as 

F 1 + Po^i = P1A1 

from which the fluid pressure is 

P 1 = P 0 + Fi//\i = 100 kPa + 25 kN /0.01 m 2 = 2600 kPa 
The pressure at the higher elevation in piston/cylinder 2 is, from Eq. 2.2, 

P 2 — Pi - pgH = 2600 kPa - 900 kg/m 3 x 9.81 m/s 2 x 6 m/(1000 Pa/kPa) 

= 2547 kPa 

where the second term is divided by 1000 to convert from Pa to kPa. Then the force bal ance 
on the second piston gives 


F 2 + P0A2 — P 2^2 

F 2 = (p 2 - P 0 )A 2 = (2547 - 100) kPa x 0.05 m 2 = 122.4 kN 


In-Text Concept Questions 

e. A car tire gauge indicates 195 kPa; what is the air pressure inside? 

f. Canl always neglect AP i n thefl uid above I ocation /\ in Fig. 2.13? W hat circumstances 
does that depend on? 

g. A U tube manometer has the left branch connected to a box with a pressure of 
110 kPa and the right branch open. W hich side has a higher column of fluid? 


2.9 


EQUALITY OF TEMPERATURE 


Although temperature is a familiar property, defining it exactly is difficult. We are aware 
of temperature first of all as a sense of hotness or coldness when we touch an object. We 
also learn early that when a hot body and a cold body are brought into contact, the hot body 
becomes cooler and the cold body becomes warmer. If these bodies remain in contact for 
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some time, they usually appear to have the same hotness or coldness. However, we also 
realize that our sense of hotness or coldness is very unreliable. Sometimes very cold bodies 
may seem hot, and bodies of different materials that are at the same temperature appear to 
be at different temperatures. 

Because of these difficulties in defining temperature, we define equality of tempera- 
ture. Consider two blocks of copper, one hot and the other cold, each of which is in contact 
with a mercury-in-glass thermometer. If these two blocks of copper are brought into thermal 
communication, we observe that the electrical resistance of the hot block decreases with 
time and that of the cold block increases with time. After a period of time has elapsed, 
however, no further changes in resistance are observed. Similarly, when the blocks are first 
brought in thermal communication, the length of a side of the hot block decreases with time 
but the length of a side of the cold block increases with time. After a period of time, no 
further change in length of either block is perceived. In addition, the mercury column of the 
thermometer in the hot block drops at first and that in the cold block rises, but after a period 
of time no further changes in height are observed. We may say, therefore, that two bodies 
have equality of temperature if, when they are in thermal communication, no change in any 
observable property occurs. 


2.10 


THE ZEROTH LAW OF THERMODYNAMICS 


Now consider the same two blocks of copper and another thermometer. Let one block 
of copper be brought into contact with the thermometer until equality of temperature is 
established, and then remove it. Then let the second block of copper be brought into contact 
with the thermometer. Suppose that no change in the mercury level of the thermometer 
occurs during this operation with the second block. We then can say that both blocks are in 
thermal equilibrium with the given thermometer. 

The zeroth law of thermodynamics states that when two bodies have equality of 
temperature with a third body, they in turn have equality of temperature with each other. 
This seems obvious to us because we are so familiar with this experiment. Because the 
principle is not derivable from other laws, and because it precedes the first and second 
laws of thermodynamics in the logical presentation of thermodynamics, it is called the 
zeroth law of thermodynamics. This law is really the basis of temperature measurement. 
Every time a body has equality of temperature with the thermometer, we can say that the 
body has the temperature we read on the thermometer. The problem remains of how to relate 
temperatures that we mi ght read on different mercury thermometers or obtai n from different 
temperature-measuring devices, such as thermocouples and resistance thermometers. This 
observation suggests the need for a standard scale for temperature measurements. 


2.11 


TEMPERATURE SCALES 


Two scales are commonly used for measuring temperature, namely, the Fahrenheit (after 
Gabriel Fahrenheit, 1686-1736) and the Celsius. The Cel si us scale was formerly called the 
centigrade scale but is now designated the Cel si us scale after A nders Celsius (1701-1744), 
the Swedish astronomer who devised this scale. 

The Fahrenheit temperature scale is used with the English Engineering system 
of units and the Celsius scale with the SI unit system. Until 1954 both of these scales 
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were based on two fixed, easily duplicated points: the ice point and the steam point. The 
temperature of the ice point is defined as the temperature of a mixture of ice and water that 
is in equilibrium with saturated air at a pressure of 1 atm. The temperature of the steam 
point is the temperature of water and steam, which are in equilibrium at a pressure of 1 atm. 
On the Fahrenheit scale these two points are assigned the numbers 32 and 212, respectively, 
and on the Cel si us scale the points are 0 and 100, respectively. Why Fahrenheit chose these 
numbers is an interesting story. In searching for an easily reproducible point, Fahrenheit 
selected the temperature of the human body and assigned it the number 96. Fie assigned the 
number 0 to the temperature of a certain mixture of salt, ice, and salt solution. On this scale 
the ice point was approximately 32. When this scale was slightly revised and fixed in terms 
of the ice point and steam point, the normal temperature of the human body was found to be 
98.6 F. 

In this book the symbols F and °C will denote the Fahrenheit and Celsius scales, 
respectively (the Celsius scale symbol includes the degree symbol since the letter C alone 
denotes Coulomb, the unit of electrical charge in the SI system of units). The symbol Twill 
refer to temperature on all temperature scales. 

At the tenth CGPM in 1954, the Celsius scale was redefined in terms of a single fixed 
point and the ideal -gas temperature scale. The single fixed point is the triple point of water 
(the state in which the solid, liquid, and vapor phases of water exist together in equilibrium). 
The magnitude of the degree is defined in terms of the ideal-gas temperature scale, which is 
discussed in Chapter 7. The essential features of this new scale are a single fixed point and a 
definition of the magnitude of the degree. The triple point of water is assigned the value of 
0.01°C. On this scale the steam point is experimentally found to be 100.00°C. Thus, there 
is essential agreement between the old and new temperature scales. 

We have not yet considered an absolute scale of temperature. The possibility of such 
a scale comes from the second law of thermodynamics and is discussed in Chapter 7. On 
the basis of the second law of thermodynamics, a temperature scale that is independent of 
any thermometric substance can be defined. This absolute scale is usually referred to as the 
thermodynamic scaleof temperature. Flowever, it is difficult to use this scale directly; there- 
fore, a more practical scale, the International Temperature Scale, which closely represents 
the thermodynamic scale, has been adopted. 

The absolute scale related to the Celsius scale is the Kelvin scale (after William 
Thomson, 1824-1907, who is also known as Lord Kelvin), and is designated K (without 
the degree symbol). The relation between these scales is 

K=°C+ 273.15 (2.4) 

In 1967, the CGPM defined the kelvin as 1/273.16 of the temperature at the triple point 
of water. The Celsius scale is now defined by this equation instead of by its earlier defini- 
tion. 

Theabsol ute scale related to the Fahrenheit scaleisthe Ranki nescaleand is designated 
R. The relation between these scales is 

R = F + 459.67 (2.5) 

A number of empirically based temperature scales, to standardize temperature mea- 
surement and calibration, have been in use during the last 70 years. The most recent of these 
is the International Temperature Scaleof 1990, or I TS-90.lt is based on a number of fixed and 
easily reproducible points that are assigned definite numerical values of temperature, and on 
specified formulas relating temperature to the readings on certain temperature-measuring 
instruments for the purpose of interpolation between the defining fixed points. Details of the 
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ITS-90 are not considered further in this book. Thisscaleis a practical meansfor establishing 
measurements that conform closely to the absolute thermodynamic temperature scale. 


2.12 


ENGINEERING APPLICATIONS 


Pressure is used in applications for process control or limit control for safety reasons. In 
most cases, this is the gauge pressure. For instance a storage tank has a pressure indicator 
to show how close it is to being full, but it may also have a pressure-sensitive safety valve 
that will open and let material escape if the pressure exceeds a preset value. An air tank 
with a compressor on top is shown in Fig. 2.17; as a portable unit, it is used to drive air 
tools, such as nailers. A pressure gauge will activate a switch to start the compressor when 
the pressure drops below a preset value, and it will disengage the compressor when a preset 
high value is reached. 

Tire pressure gauges, shown in Fig. 2.18, are connected to the valve stem on the 
tire. Some gauges have a digital readout. The tire pressure is important for the safety and 
durability of automobile tires. Too low a pressure causes large deflections and the tire may 
overheat; too high a pressure leads to excessive wear in the center. 

A spring-loaded pressure relief valve is shown in Fig. 2.19. With the cap the spring 
can be compressed to make the valve open at a higher pressure, or the opposite. This valve 
is used for pneumatic systems. 

When a throttle plate in an intake system for an automotive engine restricts the flow 
(Fig. 2.20), it creates a vacuum behind it that is measured by a pressure gauge sending 
a signal to the computer control. The smallest absolute pressure (highest vacuum) occurs 
when the engine idles and the highest pressure (smallest vacuum) occurs when the engine 
is at full throttle. In Fig. 2.20, the throttle is shown completely closed. 

A pressure difference, A F, can be used to measure flow velocity indirectly, as shown 
schematically in Fig. 2.21 (this effect is felt when you hold your hand out of a car window, 
with a higher pressure on the side facing forward and a lower pressure on the other side, 



Dual gauges! 



FIGURE 2.17 Air 

compressor with tank. 
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FIGURE 2.18 

Automotive tire pressure 
gauges. 




FIGURE 2.20 

Automotive engine 
intake throttle. 



Vacuum advance port 
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FIGURE 2.21 

Schematic of flow 
velocity measurement. 



giving a net force on your hand). The engineering analysis of such processes is developed 
and presented in C hapter 9. 1 n a speedboat, a small pipe has its end pointing forward, feeling 
the higher pressure due to the relative velocity between the boat and the water. The other 
end goes to a speedometer transmitting the pressure signal to an indicator. 

An aneroid barometer, shown in Fig. 2.22, measures the absolute pressure used for 
weather predictions. It consists of a thin metal capsule or bellows that expands or contracts 
with atmospheric pressure. Measurement is by a mechanical pointer or by a change in 
electrical capacitance with distance between two plates. 

N umeroustypesof devices are used to measure temperature. Perhaps the mostfamiliar 
of these is the I i quid-in-glass thermometer, in which theliquid iscommonly mercury. Since 
the density of the liquid decreases with temperature, the height of the liquid column rises 
accordingly. Other liquids are also used in such thermometers, depending on the range of 
temperature to be measured. 



FIGURE 2.22 Aneroid 
barometer. 
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FIGURE 2.23 

Thermocouples. 



Two types of devi ces commonly used i n temperature measurement are thermocouples 
and thermistors, examples of which are shown in Figs. 2.23 and 2.24, respectively. A 
thermocoupl e consi sts of a pai r of j uncti ons of two di ssi mi I ar metal s that creates an el ectri cal 
potential (voltage) that increases with the temperature difference between the junctions. One 
junction is maintained at a known reference temperature (for example, in an ice bath), such 
that the voltage measured i ndi cates the temperature of the other j uncti on. D ifferent materi al 
combinations are used for different temperature ranges, and the size of the junction is kept 
small to have a short response time. Thermistors change their electrical resistance with 
temperature, so if a known current is passed through the thermistor, the voltage across it 
becomes proportional to the resistance. The output signal is improved if this is arranged 
in an electrical bridge that provides input to an instrument. The small signal from these 
sensors is amplified and scaled so that a meter can show the temperature or the signal can 


FIGURE 2.24 

Thermistors. 
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be sent to a computer or a control system. High-precision temperature measurements are 
made in a similar manner using a platinum resistance thermometer. A large portion of the 
ITS-90 (13.8033 K to 1234.93 K) is measured in such a manner. Higher temperatures are 
determined from visible-spectrum radiation intensity observations. 

it is also possible to measure temperature indirectly by certain pressure measure- 
ments. If the vapor pressure, discussed in Chapter 3, is accurately known as a function of 
temperature, then this value can be used to indicate the temperature. Also, under certain 
conditions, a constant-volume gas thermometer, discussed in Chapter 7, can be used to 
determine temperature by a series of pressure measurements. 

SUMMARY 

We introduce a thermodynamic system as a control volume, which for a fixed mass is a 
control mass. Such a system can be isolated, exchanging neither mass, momentum, nor 
energy with its surroundings. A closed system versus an open system refers to the ability of 
mass exchange with the surroundings. If properties for a substance change, the state changes 
and a process occurs. W hen a substance has gone through several processes, returning to 
the same initial state, it has completed a cycle. 

Basic units for thermodynamic and physical properties are mentioned, and most are 
covered in Table A.l. Thermodynamic properties such as density p, specific volume v, 
pressure P, and temperature T are introduced together with units for these properties. 
Properties are classified as ntensive, independent of mass (like v), or extensive, proportional 
to mass(likel/). Students should already befamiliar with other concepts from physics such 
as force F , velocity V, and acceleration a. Application of Newton’s law of motion leads 
to the variation of static pressure in a column of fluid and the measurements of pressure 
(absolute and gauge) by barometers and manometers. The normal temperature scale and 
the absolute temperature scale are introduced. 

You should have learned a number of skills and acquired abilities from studying this 
chapter that will allow you to 

• Define (choose) a control volume (C.V.) around some matter; sketch the content and 
identify storage locations for mass; and identify mass and energy flows crossing the 
C.V. surface. 

• Know properties P, T, v, and p and their units. 

• Know how to look up conversion of units in Table A .1. 

• Know that energy is stored as kinetic, potential, or internal (in molecules). 

• K now that energy can be transferred. 

• K now the difference between ( v, p) and {V , m) i ntensive and extensive. 

• Apply a force balance to a given system and relate it to pressure P. 

• K now the difference between relative (gauge) and absolute pressure P . 

• Understand the working of a manometer or a barometer and derive A P or P from 
height H . 

• Know the difference between a relative and an absolute temperature T. 

• Befamiliar with magnitudes (v, p, P , T). 

M ost of these concepts will be repeated and reinforced in the following chapters, such as 
properties in Chapter 3, energy transfer as heat and work in Chapter 4, and internal energy 
in Chapter 5, together with their applications. 
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KEY CONCEPTS Control volume 
AND FORMULAS 

Pressure definition 
Specific volume 
Density 

Static pressure variation 
Absolute temperature 

Units 

Concepts from Physics 

Newton's law of motion 

Acceleration 

Velocity 


everything inside a control surface 
P = ^- (mathematical limitforsmall A) 

V 

v = — 
m 

p = ^ (Tables A .3, A .4, A .5, F.2, F.3, and F.4) 

A P = pgH (depth H in fluid of density p) 

T[K] = T[°C] + 273.15 
T[R] = T[F] + 459.67 

Table A. 1 

F — ma 
_ d 2 x _ dV 

a ~ W ~ W 



CONCEPT-STUDY GUIDE PROBLEMS 

2.1 M akeacontrol volumearoundthewholepowerplant 
in Fig. 1.2 and, with the help of Fig. 1.1, list the flows 
of mass and energy in or out and any storage of en- 
ergy. M ake sure you know what is inside and what 
is outside your chosen control volume. 

2.2 M ake a control volume around the rocket engine in 
Fig. 1.12. Identify the mass flows and show where 
you have significant kinetic energy and where stor- 
age changes. 

2.3 M ake a control volume that includes the steam flow 
in the main turbine loop in the nuclear propulsion 
system in Fig. 1.3. Identify mass flows (hot or cold) 
and energy transfers that enter or leave the control 
volume. 

2.4 Separate the list P, F , V , v, p, T , a, m, L, t, and V 
into intensive properties, extensive properties, and 
non-properties. 

2.5 An electric dip heater is put into a cup of water and 
heats it from 20°C to 80°C. Show the energy flow(s) 
and storage and explain what changes. 

2.6 Water in nature exists in three different phases: solid, 
liquid, and vapor (gas). Indicate the relative magni- 


tude of density and the specific volume for the three 
phases. 

2.7 Is density a unique measure of mass distribution in 
a volume? Does it vary? If so, on what kind of scale 
(distance)? 

2.8 The overall density of fibers, rock wool insulation, 
foams, and cotton is fairly low. Why? 

2.9 What is the approximate mass of 1 L of engine oil? 
Atmospheric air? 

2.10 Can you carry 1 m 3 of liquid water? 

2.11 A heavy cabinet has four adjustable feet. What fea- 
ture of the feet will ensure that they do not make 
dents in the floor? 

2.12 The pressure at the bottom of a swimming pool is 
evenly distributed. Consider a stiff steel plate lying 
ontheground. Isthe pressure below itjust as evenly 
distributed? 

2.13 Two divers swim at a depth of 20 m. One of them 
swims directly under a supertanker; the other avoids 
the tanker. W ho feels greater pressure? 

2.14 A manometer with water shows a AP ofPo/10; what 
is the column height difference? 
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2.15 A water skier does not si nk too far down inthewater 
if the speed is high enough. W hat makes that situa- 
tion different from our static pressure calculations? 

2.16 What is the lowest temperature in degrees Celsius? 
In degrees Kelvin? 


2.17 Convert the formula for water density in concept 
problem d to be for T in degrees Kelvin. 

2.18 A thermometer that indicates the temperature with 
a liquid column has a bulb with a larger volume of 
liquid. Why? 


HOMEWORK PROBLEMS 

Properties and Units 

2.19 A n apple "weighs" 60 g and has a volume of 75 cm 3 
in a refrigerator at 8°C. What is the apple's density? 
List three intensive and two extensive properties of 
the apple. 

2.20 A steel cylinder of mass 2 kg contains 4 L of water 
at25°C at 200 kPa. Find the total mass and volume 
of the system. List two extensive and three intensive 
properties of the water. 

2.21 A storagetank of stainless steel contains 7 kg of oxy- 
gen gas and 5 kg of nitrogen gas. How many kmoles 
are in the tank? 

2.22 Onekilopond (1 kp) istheweightof 1 kg inthe stan- 
dard gravitational field. W hat is the weight of 1 kg 
in Newtons (N )? 

Force and Energy 

2.23 The standard acceleration (at sea level and 45° lat- 
itude) due to gravity is 9.806 65 m/s 2 . What is the 
force needed to hold a mass of 2 kg at rest in this 
gravitational field? How much mass can a force of 1 
N support? 

2.24 A steel piston of 2.5 kg i s i n thestandard gravi tati onal 
field, where a force of 25 N is applied vertically up. 
Find the acceleration of the piston. 

2.25 W hen you move up from the surface of the earth, the 
gravitation is reduced as g = 9.807 - 3.32 x 10~ 6 
z, with z being the elevation in meters. By what per- 
centage is the weight of an airplane reduced when it 
cruises at 11 000 m? 

2.26 A model car rolls down an incline with a slope such 
that the gravitational "pull" in the direction of mo- 
tion is one-third of the standard gravitational force 
(see Problem 2.23). If the car has a mass of 0.06 kg, 
find the acceleration. 

2.27 A van is driven at 60 km/h and is brought to a full 
stop with constant deceleration in 5 s. If the total 
mass of the van and driver is 2075 kg, find the nec- 
essary force. 


2.28 An escalator brings four people whose total mass 
is 300 kg, 25 m up in a building. Explain what 
happens with respect to energy transfer and stored 
energy. 

2.29 A car of mass 1775 kg travels with a velocity of 
100 km/h. Find the kinetic energy. How high should 
the car be lifted in the standard gravitational field 
to have a potential energy that equals the kinetic 
energy? 

2.30 A 1500 kg car moving at 20 km/h is accelerated at 
a constant rate of 4 m/s 2 up to a speed of 75 km/h. 
W hat are the force and total time required? 

2.31 On the moon the gravitational acceleration is approx- 
imately one- sixth that on the surface of the earth. A 
5-kg mass is "weighed" with a beam balance on the 
surface of the moon. W hat is the expected reading? 
If this mass is weighed with a spring scale that reads 
correctly for standard gravity on earth (see Problem 
2.23), what is the reading? 

2.32 The escalator cage in Problem 2.28 has a mass of 
500 kg in addition to the mass of the people. How 
much force should the cable pull up with to have an 
acceleration of 1 m/s 2 in the upward direction? 

2.33 A bucket of concrete with a total mass of 200 kg 
is raised by a crane with an acceleration of 2 m/s 2 
relative to the ground at a location where the local 
gravitational acceleration is 9.5 m/s 2 . Find the re- 
quired force. 

2.34 A bottle of 12 kg steel has 1.75 kmoles of liquid 
propane. It accelerates horizontally at a rate of 3 
m/s 2 . W hat is the needed force? 

Specific Volume 

2.35 A 15-kg steel gas tank holds 300 L of liquid gaso- 
line with a density of 800 kg/m 3 . If the system is 
decelerated with 2g, what is the needed force? 

2.36 A power plant that separates carbon dioxide from 
the exhaust gases compresses it to a density of 110 
kg/m 3 and stores it in an unminable coal seam with 
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a porous volume of 100 000 m 3 . Find the mass that 
can be stored. 

2.37 A 1-m 3 container is filled with 400 kg of granite 
stone, 200 kg of dry sand, and 0.2 m 3 of liquid 25°C 
water. Using properties from Tables A. 3 and A. 4, 
find the average specific volume and density of the 
masses when you exclude air mass and volume. 

2.38 One kilogram of diatomic oxygen (O 2 , molecular 
weight of 32) is contained in a 500-L tank. Find the 
specific volume on both a mass and a mole basis 
(v and v). 

2.39 A tank has two rooms separated by a membrane. 
Room A has 1 kg of air and a volume of 0.5 m 3 ; 
room B has 0.75 m 3 of air with density 0.8 kg/m 3 . 
The membrane is broken, and the air comes to a uni- 
form state. Find the final density of the air. 

2.40 A 5-m 3 container is filled with 900 kg of granite 
(density of 2400 kg/m 3 ). The rest of the volume is 
air, with density equal to 1.15 kg/m 3 . Find the mass 
of air and the overall (average) specific volume. 


Pressure 

2.41 The hydraulic lift in an auto-repair shop has a cylin- 
der diameter of 0.2 m. To what pressure should the 
hydraulic fluid bepumped to lift 40 kg of piston/arms 
and 700 kg of a car? 

2.42 A valve in the cylinder shown in Fig. P2.42 has a 
cross-sectional area of 11 cm 2 with a pressure of 
735 kPa inside the cylinder and 99 kPaoutside. Flow 
large a force is needed to open the valve? 



FIGURE P2.42 


2.43 A hydraulic lift has a maximum fluid pressure of 
500 kPa. What should the piston/cylinder diameter 
be i n order to I ift a mass of 850 kg? 


2.44 A laboratory room has a vacuum of 0.1 kPa. What 
net force does that put on the door of size 2 m 
by 1 m? 

2.45 A vertical hydraulic cylinderhasal25-mm-diameter 
piston with hydraulic fluid insidethecylinderand an 
ambient pressure of 1 bar. Assuming standard grav- 
ity, find the piston mass that will create an inside 
pressure of 1500 kPa. 

2.46 A piston/cylinder with a cross-sectional area of 
0.01 m 2 has a piston mass of 100 kg resting on the 
stops, as shown in Fig. P2. 46. With an outside atmo- 
spheric pressure of 100 kPa, what should the water 
pressure be to lift the piston? 



FIGURE P2.46 


2.47 A 5-kg cannnonbal I acts as a piston in a cylinder with 
a diameter of 0.15 m. As the gunpowder is burned, 
a pressure of 7 M Pa is created in the gas behind 
the ball. What is the acceleration of the ball if the 
cylinder (cannon) is pointing horizontally? 

2.48 Repeat the previous problem for a cyli nder (cannon) 
pointing 40° up relative to the horizontal direction. 

2.49 A large exhaust fan in a laboratory room keeps the 
pressure inside at 10 cm of water relative vacuum 
to the hallway. What is the net force on the door 
measuring 1.9 m by 1.1 m? 

2.50 A tornado rips off a 100-m 2 roof with a mass of 1000 
kg. What is the minimum vacuum pressure needed 
to do that if we neglect the anchoring forces? 

2.51 A 2.5-m-tall steel cylinder has a cross-sectional area 
of 1.5 m 2 . At the bottom, with a height of 0.5 m, is 
liquid water, on top of which is a 1-m-high layer of 
gasoline. This is shown in Fig. P2.51. The gasoline 
surface is exposed to atmospheric air at 101 kPa. 
What is the highest pressure in the water? 
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Po 



2.5 m 


FIGURE P2.51 

2.52 What is the pressure at the bottom of a 5-m-tall col- 
umn of fluid with atmospheric pressure of 101 kPa 
on the top surface if the fluid is 

a. water at 20°C? 

b. glycerine at 25°C? 

c. gasoline at 25°C? 

2.53 At the beach, atmospheric pressure is 1025 mbar. 
You dive 15 m down in the ocean and you later climb 
a hill up to 250 m in elevation. Assumethat the den- 
sity of water is about 1000 kg/m 3 and the density of 
air is 1.18 kg/m 3 . W hat pressure do you feel at each 
place? 

2.54 A steel tank of cross-sectional area 3 m 2 and height 
16 m weighs 10 000 kg and is open at the top, as 
shown in Fig. P2.54. We want to float it in the ocean 
so that it is positioned 10 m straight down by pouring 
concrete into its bottom. How much concrete should 
we use? 



2.55 A piston, m p = 5 kg, is fitted in a cylinder, A = 
15 cm 2 , that contains a gas. The setup is in a cen- 
trifuge that creates an acceleration of 25 m/s 2 in the 
direction of piston motion toward the gas. Assuming 
standard atmospheric pressure outside the cylinder, 
find the gas pressure. 


2.56 Liquid water with density p is filled on top of a thin 
piston in a cylinder with cross-sectional area A and 
total height H , as shown in Fig. P2.56. Air is let in 
under the piston so that it pushes up, causi ng the wa- 
ter to spill over the edge. Derive theformula forthe 
air pressure as a function of piston elevation from 
the bottom, h. 



M anometers and Barometers 

2.57 You dive 5 m down in the ocean. What is the absolute 
pressure there? 

2.58 A barometer to measure absolute pressure shows a 
mercury column height of 725 mm. The tempera- 
ture is such that the density of the mercury is 13 550 
kg/m 3 . Find the ambient pressure. 

2.59 The density of atmospheric air is about 1.15 kg/m 3 , 
which we assume is constant. How large an absolute 
pressure will a pilot encounter when flying 2000 m 
aboveground level, where the pressure is 101 kPa? 

2.60 A differential pressure gauge mounted on a vessel 
shows 1.25 MPa, and a local barometer gives at- 
mospheric pressure as 0.96 bar. Find the absolute 
pressure inside the vessel. 

2.61 A manometer shows a pressure difference of 1 m of 
liquid mercury. Find A P in kPa. 

2.62 Blue manometer fluid of density 925 kg/m 3 shows a 
column height difference of 3 cm vacuum with one 
end attached to a pipe and the other open to P 0 = 
101 kPa. W hat is the absolute pressure in the pipe? 

2.63 W hat pressure difference does a 10-m column of at- 
mospheric air show? 

2.64 The absolute pressure in a tank is 85 kPa and the lo- 
cal ambient absolute pressure is 97 kPa. If a U-tube 
with mercury (density = 13 550 kg/m 3 ) i s attached to 
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thetankto measure the vacuum, whatcolumn height 
difference will it show? 

2.65 The pressure gauge on an air tank shows 75 kPa 
when the diver is 10 m down in the ocean. At what 
depth will the gauge pressure be zero? What does 
that mean? 

2.66 An exploration submarine should beableto descend 
4000 m down in the ocean, if the ocean density is 
1020 kg/m 3 , what is the maximum pressure on the 
submarine hull? 

2.67 A submarine maintains an internal pressure of 101 
kPaand dives 240 m down in the ocean, which has an 
average density of 1030 kg/m 3 . What is the pressure 
difference between the inside and the outside of the 
submarine hull? 

2.68 Assume that we use a pressure gauge to measure 
the air pressure at street level and at the roof of a 
tall building. If the pressure difference can be deter- 
mined with an accuracy of 1 mbar (0.001 bar), what 
uncertainty in the height estimate does that corre- 
spond to? 

2.69 A barometer measures 760 mm Hg at street level 
and 735 mm Hg on top of a building. How tall isthe 
building if we assume air density of 1.15 kg/m 3 ? 

2.70 An absolute pressure gauge attached to a steel cylin- 
der shows 135 kPa. We want to attach a manometer 
using liquid water on a day that P atm = 101 kPa. How 
high a fluid level difference must we plan for? 

2.71 A U-tube manometer filled with water (density = 
1000 kg/m 3 ) shows a height difference of 25 cm. 
What is the gauge pressure? If the right branch is 
tilted to makean angleof 30° with the horizontal, as 
shown in Fig. P2.71, what should the length of the 
column in the tilted tube be relative to the U-tube? 



FIGURE P2.71 

2.72 A pipe flowing lightoil hasa manometer attached, as 
shown in Fig. P2.72. What is the absolute pressure 
in the pipe flow? 



2.73 The difference in height between the columns of a 
manometer is 200 mm, with a fluid of density 900 
kg/m 3 . W hat is the pressure difference? W hat is the 
height difference if the same pressure difference is 
measured using mercury (density = 13 600 kg/m 3 ) 
as manometer fluid? 

2.74 Two cylinders are filled with liquid water, p ~ 1000 
kg/m 3 , and connected by a line with a closed valve, 
as shown in Fig. P2.74. A has 100 kg and B has 500 
kg of water, their cross-sectional areas are A a = 0.1 
m 2 and A s = 0.25 m 2 , and the height h is 1 m. Find 
the pressure on either side of the valve. The valve is 
opened and water flows to an equilibrium. Find the 
final pressure at the valve location. 



2.75 Two piston/cylinder arrangements, A and 8, have 
their gas chambers connected by a pipe, as shown 
in Fig. P2.75. The cross-sectional areas are A a = 
75 cm 2 and A B = 25 cm 2 , with the piston mass in 
A being m A = 25 kg. Assume an outside pressure 
of 100 kPa and standard gravitation. Find the mass 
m B so that none of the pistons have to rest on the 
bottom. 
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2.76 Two hydraulic piston/cylinders are of the same size 
and setup as in Problem 2.75, but with negligible 
piston masses. A singlepointforceof 250 N presses 
down on piston A. Find the needed extra force on 
piston B so that none of the pistons have to move. 

2.77 A piece of experimental apparatus, Fig. P2.77, is lo- 
cated where g = 9.5 m/s 2 and the temperature is 
5°C. Airflow inside the apparatus is determined by 
measuri ng the pressure drop across an orifice with a 
mercury manometer (see Problem 2.79 for density) 
showing a height difference of 200 mm. What is the 


pressure drop in kPa? 

► Air 


1 

1 

It 


FIGURE P2.77 


Temperature 

2.78 What is a temperature of -5°C in degrees Kelvin? 

2.79 The density of mercury changes approximately lin- 
early with temperature as 

p Hg = 13 595 - 2.5 T kg/m 3 (Tin Celsius) 

so the same pressure difference will result in a 
manometer reading that is influenced by tempera- 
ture. If a pressure difference of 100 kPa is measured 
in the summer at 35°C and in the winter at -15°C, 
what is the difference in column height between the 
two measurements? 

2.80 A mercury thermometer measures temperature by 
measuring the volume expansion of a fixed mass of 


liquid mercury due to a change in density (see Prob- 
lem 2.79). Find the relative change (%) in volume 
for a change in temperature from 10°C to 20°C . 

2.81 The density of liquid water is p = 1008 - 7/2 [kg / 
m 3 ] with T in °C. If the temperature increases 10°C, 
how much deeper does a 1 m layer of water become? 

2.82 Using the freezing and boiling point temperatures 
for water on both the Celsius and Fahrenheit scales, 
develop a conversion formula between the scales. 
Find the conversion formula between the Kelvin and 
R anki ne temperature scales. 

2.83 T he atmosphere becomes col der at hi gher el evati ons. 
As an average, the standard atmospheric absolute 
temperature can be expressed asT atm = 288 - 6.5 x 
10~ 3 z, wherezistheelevation in meters. Flow cold is 
it outside an airplane cruising at 12 000 m, expressed 
in degrees Kelvin and Celsius? 

Review Problems 

2.84 Repeat Problem 2.77 if the flow inside the apparatus 
is liquid water [p ~ 1000 kg/m 3 ) instead of air. Find 
the pressure difference between the two holes flush 
with the bottom of the channel. You cannot neglect 
the two unequal water columns. 

2.85 A dam retains a lake 6 m deep, as shown in Fig. 
P2.85. To construct a gate in the dam, we need to 
know the net horizontal force on a 5-m-wide, 6-m- 
tall port section that then replaces a 5-m section of 
the dam. Find the net horizontal force from the water 
on one side and air on the other side of the port. 



Side view 
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FIGURE P2.85 
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2.86 In the city water tower, water is pumped up to a level 
25 m aboveground in a pressurized tank with air at 
125 kPa over the water surface. This is illustrated in 
Fig. P2.86. Assuming water density of 1000 kg/m 3 
and standard gravity, find the pressure required to 
pump more water in at ground level. 



2.87 The main waterline into a tall building has a pres- 
sure of 600 kPa at 5 m elevation below ground level. 
The building is shown in Fig. P2.87. Flow much ex- 
tra pressure does a pump need to add to ensure a 
waterline pressure of 200 kPa at the top floor 150 m 
aboveground? 



Pump 

FIGURE P2.87 


2.88 Two cylinders are connected by a piston, as shown in 
Fig. P2.88. Cylinder A is used as a hydraulic lift and 
pumped upto 500 kPa. The piston massis25 kg, and 
there is standard gravity. What is the gas pressure in 
cylinders? 



2.89 A 5-kg piston in acylinderwith diameter of 100 mm 
is loaded with a linear spring and the outside atmo- 
spheric pressure is 100 kPa, as shown in Fig. P2.89. 
The spring exerts no force on the piston when it is at 
the bottom of the cylinder, and for the state shown, 
the pressure is 400 kPa with volume 0.4 L . The valve 
is opened to let some air in, causing the piston to rise 
2 cm. Find the new pressure. 



ENGLISH UNIT PROBLEMS 


E nglish U nit C oncept Problems 

2.90E A mass of 2 Ibm has an acceleration of 5 ft/s 2 . 

What is the needed force in Ibf? 

2.91E Flow much mass is in 0.25 gal of engine oil? 
Atmospheric air? 


2.92E Can you easily carry a 1-gal bar of solid gold? 
2.93E What is the temperature of -5 F in degrees 
Rankine? 

2.94 What is the lowest possible temperature in de- 
grees Fahrenheit? In degrees Rankine? 
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2.95E W hat is the relative magnitude of degree Rankine 
to degree Kelvin? 

E nglish U nit Problems 

2.96L An apple weighs 0.2 Ibm and has a volume of 
6 in. 3 in a refrigerator at 38 F. What is the apple’s 
density? List three intensive and two extensive 
properties of the apple. 

2.97E A steel piston of mass 5 Ibm is in the standard 
gravitational field, where a force of 10 Ibf is ap- 
plied vertically up. Find the acceleration of the 
piston. 

2.98 A 2500-lbm car moving at 15 mi/h is acceler- 
ated at a constant rate of 15 ft/s 2 up to a speed of 
50 mi/h. What are the force and total time re- 
quired? 

2.99 An escalator brings four people with a total mass 
of 600 Ibm and a 1000 Ibm cage up with an ac- 
celeration of 3 ft/s 2 . What is the needed force in 
the cable? 

2.100E One pound mass of diatomic oxygen (0 2 molec- 
ular mass 32) is contained in a 100-gal tank. Find 
the specific volume on both a mass and a mole 
basis {v and v). 

2.101 A 30- 1 bm steel gas tank hoi ds 10 ft 3 of I i qui d gaso- 
line having a density of 50 lbm/ft 3 . What force is 
needed to accelerate this combined system at a 
rate of 15 ft/s 2 ? 

2.102E A power pi ant that separates carbon dioxide from 
the exhaust gases compresses it to a density of 
8 lbm/ft 3 and stores it in an unminablecoal seam 
with a porous volume of 3 500 000 ft 3 . Find the 
mass that can be stored. 

2.103E A laboratory room keeps a vacuum of 4 in. of wa- 
ter due to the exhaust fan. W hat is the net force 
on a door of size 6 ft by 3 ft? 

2.104E A valve in a cylinder has a cross-sectional area of 
2 in. 2 with a pressure of 100 psia inside the cylin- 
der and 14.7 psia outside. Flow large a force is 
needed to open the valve? 

2.105 A manometer shows a pressure difference of 1 ft 
of liquid mercury. Find A P in psi. 

2.106E A tornado rips off a 1000-ft 2 roof with a mass of 
2000 Ibm. What is the minimum vacuum pres- 
sure needed to do that if we neglect the anchoring 
forces? 


2.107E A 7-ft-m tall steel cylinder has a cross-sectional 
area of 15 ft 2 . At the bottom, with a height of 
2 ft, is liquid water, on top of which is a 4-ft-high 
layer of gasoline. The gasoline surface is exposed 
to atmospheric air at 14.7 psia. W hat is the highest 
pressure in the water? 

2.108E A U-tube manometer filled with water, density 
62.3 lbm/ft 3 , shows a height difference of 10 in. 
What is the gauge pressure? If the right branch is 
tilted to make an angle of 30° with the horizontal, 
as shown in Fig. P2.71, what should the length 
of the column in the tilted tube be relative to the 
U-tube? 

2.109E A piston/cylinder with a cross-sectional area of 
0.1 ft 2 has a piston mass of 200 Ibm resting on 
the stops, as shown in Fig. P2. 46. With an outside 
atmospheric pressure of 1 atm, what should the 
water pressure be to lift the piston? 

2.110E The main waterline into a tall building hasa pres- 
sure of 90 psia at 16 ft elevation below ground 
level . FI ow much extra pressure does a pump need 
to add to ensure a waterline pressure of 30 psia at 
the top floor 450 ft above ground? 

2.111E A piston, m p = 10 Ibm, is fitted in a cylinder, 
A — 2.5 in. 2 , that contains a gas. The setup is in a 
centrifuge that creates an acceleration of 75 ft/s 2 . 
Assuming standard atmospheric pressure outside 
the cylinder, find the gas pressure. 

2.112E The atmosphere becomes colder at higher eleva- 
tions. As an average, the standard atmospheric 
absolute temperature can be expressed as T a tm = 
518 - 3.84 x 10~ 3 z, wherez is the elevation in 
feet. Flow cold is it outside an airplane cruising 
at 32 000 ft expressed in degrees Rankine and 
Fahrenheit? 

2.113E The density of mercury changes approximately 
linearly with temperature as 

p Hg = 851.5 - 0.086 T lbm/ft 3 (Tin degrees 

Fahrenheit) 

so the same pressure difference will result in a 
manometer reading that is influenced by temper- 
ature. If a pressure difference of 14.7 lbf/in. 2 is 
measured in the summer at 95 F and in the win- 
ter at 5 F, what is the difference in column height 
between the two measurements? 
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COMPUTER, DESIGN AND OPEN-ENDED PROBLEMS 


2.114 W rite a program to list corresponding temperatures 
in °C, K, F, and R from -50°C to 100°C in incre- 
ments of 10 degrees. 

2.115 Write a program that will input pressure in kPa, 
atm, or lbf/in. 2 and write the pressure in kPa, atm, 
bar, and lbf/in. 2 

2.116 W rite a program to do the temperature correction on 
a mercury barometer reading (see Problem 2.64). 
Input the reading and temperature and output the 
corrected reading at 20°C and pressure in kPa. 

2.117 M ake a list of different weights and scales that are 
used to measure mass directly or indirectly. Inves- 
tigate the ranges of mass and the accuracy that can 
be obtained. 

2.118 Thermometers are based on several principles. Ex- 
pansion of a liquid with a rise in temperature is 
used in many applications. Electrical resistance, 
thermistors, and thermocouples are common in in- 
strumentation and remote probes. I nvestigate a va- 
riety of thermometers and list theirrange, accuracy, 
advantages, and disadvantages. 

2.119 Collect information for a resistance-, thermistor-, 
and thermocouple-based thermometer suitable for 
the range of temperatures from 0°C to 200°C. 
For each of the three types, list the accuracy 
and response of the transducer (output per degree 
change). Is any calibration or correction necessary 
when it is used in an instrument? 

2.120 A thermistoris used as a temperature transducer. Its 
resistance changes with temperature approximately 
as 

R = Ro exp[a(l/T - 1/T 0 )] 

where it has resi stance R 0 at temperature T 0 . Select 
the constants as R 0 = 3000 n and T 0 = 298 K, 


and compute a so that it has a resistance of 200 Q, 
at 100°C . W rite a program to convert a measured 
resistance, R, into information about the temper- 
ature. Find information for actual thermistors and 
plot the calibration curves with the formula given 
in this problem and the recommended correction 
given by the manufacturer. 

2.121 Investigate possible transducers for the measure- 
ment of temperature in a flame with temperatures 
near 1000 K. Are any transducers available for a 
temperature of 2000 K? 

2.122 Devices to measure pressure are available as dif- 
ferential or absolute pressure transducers. M ake a 
list of five different differential pressure transduc- 
ers to measure pressure differences in order of 100 
kPa. Note their accuracy, response (linear ?), and 
price. 

2.123 Blood pressure is measured with a sphygmo- 
manometer while the sound from the pulse is 
checked. Investigate how this works, list the range 
of pressures normally recorded as the systolic 
(high) and diastolic (low) pressures, and present 
your findings in a short report. 

2.124 A micromanometer uses a fluid with density 1000 
kg/m 3 , and it is able to measure height difference 
with an accuracy of ±0.5 mm. Its range is a max- 
imum height difference of 0.5 m. Investigate if 
any transducers are available to replace the micro- 
manometer. 

2.125 A n experiment involves the measurements of tem- 
perature and pressure of a gas flowing in a pipe 
at 300°C and 250 kPa. W rite a report with a sug- 
gested set of transducers (at least two alterna- 
tives for each) and give the expected accuracy and 
cost. 


Properties of a 
Pure Substance 


In the previous chapter we considered three familiar properties of a substance: specific 
volume, pressure, and temperature. We now turn our attention to pure substances and con- 
sider some of the phases in which a pure substance may exist, the number of independent 
properties a pure substance may have, and methods of presenting thermodynamic properties. 

Properti es and the behavior of substances are very i mportant for our studi es of devices 
and thermodynamic systems. The steam power plant in Fig. 1.1 and the nuclear propulsion 
system in Fig. 1.3 have very similar processes, using water as the working substance. 
Water vapor (steam) is made by boiling at high pressure in the steam generator foil owed by 
expansion in the turbine to a lower pressure, cooling in the condenser, and a return to the 
boiler by a pump that raises the pressure. We must know the properties of water to properly 
size equipment such as the burners or heat exchangers, turbine, and pump for the desired 
transfer of energy and the flow of water. As the water is transformed from liquid to vapor, 
we need to know the temperature for the given pressure, and we must know the density or 
specific volume so that the pi ping can be properly dimensioned for the flow. If the pipes are 
too small, theexpansion creates excessivevelociti es, leading to pressure losses and increased 
friction, and thus demanding a larger pump and reducing the turbine’s work output. 

Another example is a refrigerator, shown in Fig. 1.6, where we need a substance that 
will boil from liquid to vapor at a low temperature, say -20°C. This absorbs energy from 
the cold space, keeping it cold, inside the black grille in the back or at the bottom, the now 
hot substance is cooled by air flowing around the grille, so it condenses from vapor to liquid 
at a temperature slightly higher than room temperature. When such a system is designed, 
we need to know the pressures at which these processes take place and the amount of 
energy, covered in Chapter 5, that is involved. We also need to know how much volume the 
substance occupies, that is, the specific volume, so that the piping diameters can be selected 
as mentioned for the steam power plant. The substance is selected so that the pressure is 
reasonable during these processes; it should not be too high, due to leakage and safety 
concerns, and not too low, as air might leak into the system. 

A final example of a system where we need to know the properties of the substance 
is the gas turbine and a variation thereof, namely, the jet engine shown in Fig. 1.11. In 
these systems, the working substance is a gas (very similar to air) and no phase change 
takes place. A combustion process burns fuel and air, freeing a large amount of energy, 
which heats the gas so that it expands. We need to know how hot the gas gets and how 
large the expansion is so that we can analyze the expansion process in the turbine and the 
exit nozzle of the jet engine. In this device, large velocities are needed inside the turbine 
section and for the exit of the jet engine. This high-velocity flow pushes on the blades in the 
turbine to create shaft work or pushes on the jet engine (called thrust ) to move the aircraft 
forward. 
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These are just a few examples of complete thermodynamic systems where a sub- 
stance goes through several processes involving changes of its thermodynamic state and 
therefore its properties. As your studies progress, many other examples will be used to 
illustrate the general subjects. 


3.1 


THE PURE SUBSTANCE 


A pure substance is one that has a homogeneous and invariable chemical composition. It 
may exist in more than one phase, but the chemical composition is the same in all phases. 
Thus, liquid water, a mixture of liquid water and water vapor (steam), and a mixture of ice 
and liquid water are all pure substances; every phase has the same chemical composition, 
in contrast, a mixture of liquid air and gaseous air is not a pure substance because the 
composition of theliquid phase is different from that of the vapor phase. 

Sometimes a mixture of gases, such as air, is considered a pure substance as long 
as there is no change of phase. Strictly speaking, this is not true. As we will see later, we 
should say that a mixture of gases such as air exhibits some of the characteristics of a pure 
substance as long as there is no change of phase. 

In this book the emphasis will be on simple compressible substances. This term 
designates substances whose surface effects, magnetic effects, and electrical effects are 
insignificant when dealing with the substances. But changes in volume, such as those 
associated with the expansion of a gas in a cylinder, are very important. Reference will 
be made, however, to other substances for which surface, magnetic, and electrical effects 
are important. We will refer to a system consisting of a simple compressible substance as a 
simple compressible system. 


3.2 


VAPOR-LIQUID-SOLID-PHASE EQUILIBRIUM 
IN A PURE SUBSTANCE 


THefmoNet 


Consider as a system 1 kg of water contained in the piston/cylinder arrangement shown 
in Fig. 3.1a. Suppose that the piston and weight maintain a pressure of 0.1 M Pa in the 
cylinder and that the initial temperature is 20°C. As heat is transferred to the water, 
the temperature increases appreciably, the specific volume increases slightly, and the pres- 
sure remai ns constant. W hen the temperature reaches 99.6°C , addi ti onal heat transfer results 
in a change of phase, as indicated in Fig. 3.1b. That is, some of theliquid becomes vapor, 
and during this process both the temperature and pressure remain constant, but the specific 
volume increases considerably. W hen the last drop of liquid has vaporized, further transfer 
of heat results in an increase in both the temperature and specific volume of the vapor, as 
shown in Fig. 3.1c. 

The term saturation temperature designates the temperature at which vaporization 
takes place at a given pressure. This pressure is called the saturation pressure for the given 
temperature. Thus, for water at 99.6°C the saturation pressure is 0.1 M Pa, and for water 
at 0.1 M Pa the saturation temperature is 99.6°C. For a pure substance there is a definite 
relation between saturation pressure and saturation temperature. A typical curve, called the 
vapor-pressure curve, is shown in Fig. 3.2. 

If a substance exists as liquid at the saturation temperature and pressure, it is called a 
saturated liquid. If the temperature of the liquid is lower than the saturation temperature for 
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FIGURE 3.1 

Constant-pressure 
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the existing pressure, it is called either a subcooled liquid (implying that the temperature 
is lower than the saturation temperature for the given pressure) or a compressed liquid 
(implying that the pressure is greater than the saturation pressure for the given temperature). 
Either term may be used, but the latter term will be used in this book. 

When a substance exists as part liquid and part vapor at the saturation temperature, 
its quality is defined as the ratio of the mass of vapor to the total mass. Thus, in Fig. 3.1b, 
if the mass of the vapor is 0.2 kg and the mass of the liquid is 0.8 kg, the quality is 0.2 or 
20%. The quality may be considered an intensive property and has the symbol x. Quality 
has meaning only when the substance is in a saturated state, that is, at saturation pressure 
and temperature. 

I f a substance exists as vapor at the saturation temperature, it is cal led saturated vapor. 
(Sometimes the term dry saturated vapor is used to emphasize that the quality is 100%.) 
When the vapor is at a temperature greater than the saturation temperature, it is said to exist 
as superheated vapor. The pressure and temperature of superheated vapor are independent 
properties, si nee the temperature may increase while the pressure remains constant. Actually, 
the substances we call gases are highly superheated vapors. 

Consider Fig. 3.1 again. Let us plot on the temperature- volume diagram of Fig. 3.3 
the constant-pressure line that represents the states through which the water passes as it is 
heated from the initial state of 0.1 M Pa and 20°C. Let state A represent the initial state, B 
the saturated-liquid state (99.6°C), and line AB the process in which the liquid is heated 
from the initial temperature to the saturation temperature. Point C is the saturated-vapor 
state, and line BC is the constant-temperature process in which the change of phase from 
liquid to vapor occurs. Line CD represents the process in which the steam is superheated at 
constant pressure. Temperature and volume both increase during this process. 

Now let the process take place at a constant pressure of 1 M Pa, starting from an 
initial temperature of 20°C. PointE represents the initial state, in which the specific volume 



FIGURE 3.2 

Vapor-pressure curve of a 
pure substance. 


T emperature 
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FIGURE 3.3 

Temperature-volume 
diagram for water 
showing liquid and vapor 
phases (not to scale). 



is slightly less than that at 0.1 M Pa and 20°C. Vaporization begins at point F , where the 
temperature is 179.9°C. Point G is the saturated-vapor state, and line GH is the constant- 
pressure process in which the steam in superheated. 

In a similar manner, a constant pressure of 10 M Pa is represented by line IJ KL, for 
which the saturation temperature is 311. 1°C. 

At a pressure of 22.09 M Pa, represented by line M A/O, we find, however, that there is 
no constant-temperature vaporization process. Instead, point N isa point of inflection with 
a zero slope. This point is called the critical point. At the critical point the saturated-liquid 
and saturated-vapor states are identical. The temperature, pressure, and specific volume at 
the critical point are called th e critical temperature, critical pressure, and critical volume. 
The critical-point data for some substances are given in Table 3.1. M ore extensive data are 
given in Table A .2 in Appendix A . 

A constant-pressure process at a pressure greater than the critical pressure is repre- 
sented by line PQ. If water at 40 M Pa and 20°C is heated in a constant-pressure process in a 
cylinder, as shown in Fig. 3.1, two phases will never be present and the state shown in Fig. 
3.1b will never exist. Instead, there will be a continuous change in density, and at all times 
only one phase will be present. The question then is, when do we have a liquid and when do 
we have a vapor? The answer is that this is not a valid question at supercritical pressures. 
We simply call the substance a fluid. Flowever, rather arbitrarily, at temperatures below the 


TABLE 3.1 

Some C ritical-Point Data 



C ritical 
Temperature, 

°C 

C ritical 

Pressure, 

MPa 

C ritical 
Volume, 
m 3 /kg 

Water 

374.14 

22.09 

0.003 155 

Carbon dioxide 

31.05 

7.39 

0.002 143 

Oxygen 

-118.35 

5.08 

0.002 438 

H ydrogen 

-239.85 

1.30 

0.032 192 
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critical temperature we usually refer to it as a compressed liquid and at temperatures above 
the critical temperature as a superheated vapor. It should be emphasized, however, that at 
pressures above the critical pressure a liquid phase and a vapor phase of a pure substance 
never exist in equilibrium. 

in Fig. 3.3, line NJF B represents the saturated-liquid line and line NKG C represents 
the saturated-vapor line. 

By convention, the subscript f is used to designate a property of a saturated liquid 
and the subscript g a property of a saturated vapor (the subscript g being used to denote 
saturation temperature and pressure). Thus, a saturation condition involving part liquid and 
part vapor, such as that shown in Fig. 3.1h, can be shown on T-v coordinates, as in Fig. 3.4. 
Ail of the liquid present is at state f with specific volume Vf and all of the vapor present is at 
state g with v g . The total volume is the sum of the liquid volume and the vapor volume, or 

V = t/[ i q + 1/ yap = f + rfl VS pVg 

The average specific volume of the system v is then 

V /T)|iq /D vap / t . , 

V = = V f H Vg = ( 1 — X)Vf+XVg (3.1) 

m m m y y 

in terms of the definition of quality x = m vap /m. 

Using the definition 


Eq. 3.1 can also be written as 


Vfg =V g -Vf 


v = Vf+xv fg (3.2) 

Now the quality x can be viewed as the fraction (v - Vf)/Vf 9 of the distance between 
saturated liquid and saturated vapor, as indicated in Fig. 3.4. 

Let us now consider another experiment with the piston/cylinder arrangement. Sup- 
pose that the cylinder contains 1 kg of ice at -20°C, 100 kPa. When heat is transferred 
to the ice, the pressure remains constant, the specific volume increases slightly, and the 
temperature increases unti I it reaches 0°C , at which poi nt the ice melts and the temperature 
remains constant. In this state the ice is called a saturated solid. For most substances 
the specific volume increases during this melting process, but for water the specific volume 
of the liquid is less than the specific volume of the sol id. When all the ice has melted, further 
heat transfer causes an increase in the temperature of the liquid. 

If the initial pressure of the ice at -20°C is 0.260 kPa, heat transfer to the ice results 
in an increase in temperature to -10°C. At this point, however, the ice passes directly from 



FIGURE 3.4 T-v diagram for the 
two-phase liquid-vapor region showing 
the quality-specific volume relation. 
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FIGURE 3.5 P-T 

diagram for a substance 
such as water. 


TABLE 3.2 

Some Solid- L iquid- Vapor Triple-Point Data 



Temperature, 

°C 

Pressure, 

kPa 

H ydrogen (normal) 

-259 

7.194 

Oxygen 

-219 

0.15 

N itrogen 

-210 

12.53 

Carbon dioxide 

-56.4 

520.8 

M ercury 

-39 

0.000 000 13 

Water 

0.01 

0.6113 

Zinc 

419 

5.066 

Silver 

961 

0.01 

Copper 

1083 

0.000 079 


the sol id phase to the vapor phase in the process known as sublimation. Further heat transfer 
results in superheating of the vapor. 

Finally, consider an initial pressure of the ice of 0.6113 kPa and a temperature of 
-20°C. Through heat transfer, let the temperature increase until it reaches 0.01°C. At this 
point, however, further heat transfer may cause some of the ice to become vapor and some 
to become liquid, for at this point it is possible to have the three phases in equilibrium. This 
point is called the triple point, defined as the state in which all three phases may be present 
in equilibrium. The pressure and temperature at the triple point for a number of substances 
are given in Table 3.2. 

This whole matter is best summarized by Fig. 3.5, which shows how the solid, liquid, 
and vapor phases may exist together in equilibrium. Along the sublimation line the solid 



VAPOR-LIQUID-SOLID-PHASE EQUILIBRIUM IN A PURE SUBSTANCE ■ 53 


and vapor phases are in equilibrium, along the fusion line the solid and liquid phases are in 
equilibrium, and along the vaporization line the liquid and vapor phases are in equilibrium. 
The only point at which all three phases may exist in equilibrium is the triple point. The 
vaporization line ends at the critical point because there is no distinct change from the liquid 
phase to the vapor phase above the critical point. 

Consider a solid in state A, as shown in Fig. 3.5. When the temperature increases 
but the pressure (which is less than the triple-point pressure) is constant, the substance 
passes directly from the solid to the vapor phase. Along the constant-pressure line EF , the 
substance passes from the solid to the liquid phase at one temperature and then from 
the liquid to the vapor phase at a higher temperature. Theconstant-pressurelineCD passes 
through the triple point, and it is only at the triple point that the three phases may exist 
together in equilibrium. At a pressure above the critical pressure, such as GH , there is no 
sharp distinction between the liquid and vapor phases. 

Although we have made these comments with specific reference to water (only be- 
cause of our familiarity with water), all pure substances exhibit the same general behavior. 
However, the triple-point temperature and critical temperature vary greatly from one sub- 
stance to another. For example, the critical temperature of helium, as given in Table A .2, 
is 5.3 K. Therefore, the absolute temperature of helium at ambient conditions is over 50 
times greater than the critical temperature. In contrast, water has a critical temperature of 
374.14°C (647.29 K ), and at ambient conditions the temperature of water is less than half 
the critical temperature. M ost metals have a much higher critical temperature than water. 
When we consider the behavior of a substance in a given state, it is often helpful to think 
of this state in relation to the critical state or triple point. For example, if the pressure is 
greater than the critical pressure, it is impossible to have a liquid phase and a vapor phase in 
equilibrium. Or, to consider another example, the states at which vacuum melting a given 
metal is possible can be ascertained by a consideration of the properties at the triple point. 
Iron ata pressurejust above5 Pa (the triple- point pressure) would melt at a temperature of 
about 1535°C (the triple-point temperature). 

Figure 3.6 shows the three-phase diagram for carbon dioxide, in which it is seen (see 
also Table 3.2) that the triple-point pressure is greater than normal atmospheric pressure, 


Carbon 

dioxide phase diagram. 
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FIGURE 3.7 Water 
phase diagram. 



T[K] 


which is very unusual. Therefore, the commonly observed phase transition under conditions 
of atmospheric pressure of about 100 kPa is a sublimation from solid directly to vapor, 
without passing through a liquid phase, which is why solid carbon dioxide is commonly 
referred to as dry ice. We note from Fig. 3. 6 that this phase transformation at 100 kPa occurs 
at a temperature below 200 K . 

Finally, it should be pointed out that a pure substance can exist in a number of 
different solid phases. A transition from one solid phase to another is called an allotropic 
transformation. Figure 3.7 shows a number of solid phases for water. A pure substance 
can have a number of triple points, but only one triple point has a solid, liquid, and vapor 
equilibrium. Other triplepointsfora pure substancecan have two solid phases and a liquid 
phase, two solid phases and a vapor phase, or three solid phases. 


In-Text Concept Questions 

a. If the pressure is smaller than P sat at a given T , what is the phase? 

b. An external water tap has the valve activated by a long spindle, so the closing 
mechanism is located well inside the wall. Why? 

c. What is the lowest temperature (approximately) at which water can be liquid? 
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3.3 


INDEPENDENT PROPERTIES OF A 
PURE SUBSTANCE 


One important reason for introducing the concept of a pure substance is that the state of 
a simple compressible pure substance (that is, a pure substance in the absence of motion, 
gravity, and surface, magnetic, or electrical effects) is defined by two ndependent properties. 
For example, if the specific volume and temperature of superheated steam are specified, the 
state of the steam is determined. 

To understand the significance of the term independent property, consider the 
saturated-liquid and saturated-vapor states of a pure substance. These two states have the 
same pressure and the same temperature, but they are definitely not the same state. In a 
saturation state, therefore, pressure and temperature are not independent properties. Two 
independent properties, such as pressure and specific volume or pressure and quality, are 
required to specify a saturation state of a pure substance. 

The reason for mentioning previously that a mixture of gases, such as air, has the same 
characteristics as a pure substance as long as only one phase is present concerns precisely 
this point. The state of air, which is a mixture of gases of definite composition, is determined 
by specifying two properties as long as it remains in the gaseous phase. Air then can be 
treated as a pure substance. 


3.4 


TABLES OF THERMODYNAMIC PROPERTIES 


THekhoNet 


Tables of thermodynamic properties of many substances are available, and in general, all 
these tables have the same form, in this section we will refer to the steam tables. The steam 
tables are selected both because they area vehicle for presenting thermodynamic tables and 
because steam is used extensively in power plants and industrial processes. Once the steam 
tables are understood, other thermodynamic tables can be readily used. 

Several different versions of steam tables have been published overtheyears. The set 
included i n Table B.l in Appendix B is a summary based on a complicated fit to the behavior 
of water. It is very similar to the Steam Tables by Keenan, Keyes, Hill, and M oore, published 
in 1969 and 1978. We will concentrate here on the three properties already discussed in 
Chapter 2 and in Section 3.2, namely, T, P, and v, and note that the other properties listed 
in the set of Tables B.l— u, h, and s— will be introduced later. 

The steam tabl es i n A ppendi x B consist of five separate tabl es, as i ndi cated i n F i g . 3 .8. 
The region of superheated vapor in Fig. 3.5 is given in Table B.l. 3, and that of compressed 


T 


B.l. 3 : V 




FIGURE 3.8 Listing of 
the steam tables. 
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liquid isgiven inTableB. 1.4. Thecompressed-solid region shown in Fig. 3.5 is not presented 
in Appendix B. The saturated-liquid and saturated-vapor region, as seen in Fig. 3.3 (and as 
the vaporization line in Fig. 3.5), is listed according to the values of T in Table B.1.1 and 
according to the values of P ( T andP are not independent in the two-phase regions) i n T able 
B.1.2. Similarly, the saturated-solid and saturated-vapor region is listed according to T in 
Table B .1.5, but the saturated -sol id and saturated-liquid region, the third phase boundary 
line shown in Fig. 3.5, is not listed in Appendix B. 

In Table B.1.1, the first column after the temperature gives the corresponding satu- 
ration pressure in ki I opascal s. The next three columns give the specific volume in cubic 
meters per kilogram. The first of these columns gives the specific volume of the saturated 
liquid, Vf-, the third column gives the specific volume of the saturated vapor, v g \ and the 
second column gives the difference between the two, Vf g , as defined in Section 3.2. Table 
B.1.2 lists the same information as Table B.1.1, but the data are listed according to pressure, 
as mentioned earlier. 

As an example, let us calculate the specific volume of saturated steam at200°C having 
a quality of 70%. Using Eq. 3.1 gives 

v = 0.3(0.001 156) + 0.7(0.127 36) 

= 0.0895 m 3 /kg 

Table B.1.3 gives the properties of superheated vapor, in the superheated region, 
pressure and temperature are independent properties; therefore, for each pressure a large 
number of temperatures are given, and for each temperature four thermodynamic properties 
are listed, the first one being specific volume. Thus, the specific volume of steam at a pressure 
of 0.5 M Pa and 200°C is 0.4249 m 3 /kg. 

Table B.1.4 gives the properties of the compressed liquid. To demonstrate the use 
of this table, consider a piston and a cylinder (as shown in Fig. 3.9) that contains 1 kg of 
saturated-liquid water at 100°C. Its properties are given in Table B.1.1, and we note that the 
pressure is 0.1013 M Pa and the specific volume is 0.001 044 m 3 /kg. Suppose the pressure 
is increased to 10 M Pa while the temperature is held constant at 100°C by the necessary 
transfer of heat, Q . Since water is slightly compressible, we would expect a slight decrease 
in specific volume during this process. Table B.1.4 gives this specific volume as 0.001 039 
m 3 /kg. This is only a slight decrease, and only a small error would be made if one assumed 
that the volume of a compressed liquid is equal to the specific volume of the saturated 
liquid at the same temperature. In many situations this is the most convenient procedure, 
particularly when compressed-liquid data are not available. It is very important to note, 
however, that the specific volume of saturated liquid at the given pressure, 10 M Pa, does 


FIGURE 3.9 

Illustration of the 
compressed-liquid state. 


Heattransfer 
(In an amount 
that will maintain 
constant temperature) 
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not give a good approximation. This value, from Table B. 1.2, at a temperature of 311.1°C, 
is 0.001 452 m 3 /kg, which is in error by almost 40%. 

Table B.1.5 of the steam tables gives the properties of saturated solid and saturated 
vapor that are i n equi I i bri um. T hefi rst column gives the temperature, and the second column 
gives the corresponding saturation pressure. As would be expected, all these pressures are 
less than the triple-point pressure. The next two columns give the specific volume of the 
saturated solid and saturated vapor. 

Appendix B also includes thermodynamic tables for several other substances; refrig- 
erant fluids R-134a and R-410a, ammonia and carbon dioxide, and the cryogenic fluids 
nitrogen and methane. In each case, only two tables are given: saturated I iquid-vapor listed 
by temperature (equivalent to Table B .1.1 for water) and superheated vapor (equivalent to 
Table B. 1.3). 

Let us now consider a number of examples to illustrate the use of thermodynamic 
tables for water and for the other substances listed in Appendix B. 


EXAMF Determine the phase for each of the following water states using the tables in Appen- 

dix B and indicate the relative position in the P-v, T -v, and P-T diagrams. 

a. 120°C, 500 kPa 

b. 120°C, 0.5 m 3 /kg 

Solution 

a. Enter Table B.1.1 with 120°C. The saturation pressure is 198.5 kPa, so we have a 
compressed liquid, point a in Fig. 3.10. That is above the saturation line for 120°C. 
We could also have entered Table B. 1.2 with 500 kPa and found the saturation temper- 
ature as 151.86°C, so we would say that it is a subcooled liquid. That is to the left of 
the saturation line for 500 kPa, as seen in the P-T diagram. 

b. EnterTable B.1.1 with 120°C and notice that 

v f = 0.00106 <v<v g = 0.89186 m 3 /kg 

so the state is a two-phase mixture of liquid and vapor, poi nth in Fig. 3.10. The state is 
to the left of the saturated vapor state and to the right of the saturated liquid state, both 
seen in the T -v diagram. 





FIGURE 3.10 Diagram for Example 3.1. 
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EXAMF Determine the phase for each of the foil owing states using the tables in Appendix B and 

indicate the relative position in the P-v, T -v, and P-T diagrams, as in Figs. 3.11 and 
3.12. 

a. Ammonia 30°C, 1000 kPa 

b. R-134a 200 kPa, 0.125 m 3 /kg 

Solution 

a. Enter Table B. 2.1 with 30°C. The saturation pressure is 1167 kPa. As we have a lower 
P , it is a superheated vapor state. We could also have entered with 1000 kPa and found a 
saturation temperature of slightly less than 25°C, so we have a state that is superheated 
about 5°C. 

b. EnterTable B.5.2 (or B. 5.1) with 200 kPa and notice that 

v > v g — 0.1000 m 3 /kg 

so from the P-v diagram the state is superheated vapor. We can find the state in 
Table B.5.2 between 40 and 50°C. 



FIGURE 3.12 Diagram for Example 3.2 b. 
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EXAMF Determine the temperature and quality (if defined) for water at a pressure of 300 kPa and 


at each of these specific volumes: 

a. 0.5 m 3 /kg 

b. 1.0 m 3 /kg 

Solution 

For each state, it is necessary to determine what phase or phases are present in order to 
know which table is the appropriate one to find the desired state information. That is, we 
must compare the given information with the appropriate phase boundary values. Consider 
a T-v diagram (or a P-v diagram) such as the one in Fig. 3.8. For the constant-pressure 
line of 300 kPa shown in Fig. 3.13, the values for v f and v g shown there are found from 
the saturation table, Table B. 1.2. 

a. By comparison with the values in Fig. 3.13, the state at which v is 0.5 m 3 /kg is seen 
to be in the liquid-vapor two-phase region, at which T = 133. 6°C, and the quality x is 
found from Eq. 3.2 as 


0.5 = 0.001 073 + x 0.604 75, x = 0.825 


Notethatif wedid nothaveTableB.1.2 (as would be the case with theother substances 
listed in Appendix B), we could have interpolated in Table B.1.1 between the 130°C 
and 135°C entries to get the v f and v g values for 300 kPa. 

b. By comparison with the values in Fig. 3.13, the state at which vis 1.0 m 3 /kg is seen to be 
in the superheated vapor region, in which quality is undefined and the temperature for 
which is found fromTableB.1.3. In this case, T is found by linear interpolation between 
the 300 kPa specific-volume values at 300°C and 400°C, as shown in Fig. 3.14. This is 
an approximation for T , since the actual relation along the 300 kPa constant-pressure 
line is not exactly linear. 

From the figure we have 



1.0315 - 0.8753 


400 - 300 


Solving this gives T = 379.8°C. 


T 


133.6 C 



P =300 kPa 


FIGURE 3.13 A T-v diagram for 
water at 300 kPa. 


0.001073 


0.60582 


v 
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EXAMPLE 3.4 


EXAMPLE 3.4E 



T and v values for 

superheated vapor water at 300 kPa. 


A closed vessel contains 0.1 m 3 of saturated liquid and 0.9 m 3 of saturated vapor R-134a 
in equilibrium at 30°C. Determine the percent vapor on a mass basis. 


Solution 


Values of the saturation properties for R-134a are found from Table B .5.1. The mass- 
volume relations then give 


V|iq — miiqV f , 
Vvap = 


miiq = 
f^vap 


i 

0.000 843 
0.9 

0.026 71 : 


= 118.6 kg 
33.7 kg 


m = 152.3 kg 
f^vap 33.7 
x = HT = 1523 


0.221 


That is, the vessel contains 90% vapor by volume but only 22.1% vapor by mass. 


A closed vessel contains 0.1 ft 3 of saturated liquid and 0.9 ft 3 of saturated vapor R-134a 
in equilibrium at 90 F. Determine the percent vapor on a mass basis. 


Solution 


Values of the saturation properti esfor R -134a arefound from Table F. 10. The mass- volume 
relations then give 

Viiq = miiqVf, miiq = Q = 7.353 Ibm 

0.9 

^vap = fflvapVg. f^vap = 0 4009 = 

m = 9.598 Ibm 


f^vap 

m 


2.245 

9.598 


0.234 


That is, the vessel contains 90% vapor by volume but only 23.4% vapor by mass. 
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EXAMPLE 3.5 

A rigid vessel contains saturated ammonia vapor at 20°C. Heat is transferred to the system 
until the temperature reaches 40°C. What is the final pressure? 

Solution 

Since the volume does not change during this process, the specific volume also remains 
constant. From the ammonia tables, Table B .2.1, we have 

Vi = v 2 = 0.149 22 m 3 /kg 

Since v g at 40°C is less than 0.149 22 m 3 /kg, it is evident that in the final state the 
ammonia is superheated vapor. By interpolating between the 800- and 1000-kPa columns 
of Table B .2.2, wefind that 

P 2 = 945 kPa 

EXAMPLE 3.5E 

A rigid vessel contains saturated ammonia vapor at 70 F. Heat is transferred to the system 
until the temperature reaches 120 F. What is the final pressure? 

Solution 

Since the volume does not change during this process, the specific volume also remains 
constant. From the ammonia table, Table F.8, 

Vi =v 2 = 2.311 ft 3 /lbm 

Since v g at 120 F is less than 2.311 ft 3 /lbm, it is evident that in the final state 
the ammonia is superheated vapor. By interpolating between the 125- and 150-lbf/in. 2 
columns of Table F.8, wefind that 

P 2 = 145 lbf/in. 2 

EXAMPLE 3.6 

Determine the missing property of P-v-T and x if applicable for the foil owing states. 

a. N itrogen: -53.2°C, 600 kPa 

b. Nitrogen: 100 K, 0.008 m 3 /kg 

Solution 

For nitrogen the properties are listed in Table B. 6 with temperature in Kelvin. 

a. Enter in Table B. 6.1 with T = 273.2 - 53.2 = 220 K, which is higher than the critical 

T in the last entry. Then proceed to the superheated vapor tables. We would also have 
realized this by looking at the critical properties in Table A .2. From Table B.6.2 in the 
subsection for 600 kPa (T sat = 96.37 K ) 

v = 0.10788 m 3 /kg 


shown as pointa in Fig. 3.15. 
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FIGURE 3.15 Diagram for Example 3.6. 


b. Enter in Table B. 6.1 with T = 100 K, and we see that 

1 / f = 0.001 452 < v < v g = 0.0312 m 3 /kg 

so we have a two-phase state with a pressure as the saturation pressure, shown as b in 
Fig. 3.15: 

P sat = 779.2 kPa 

and the quality from Eq. 3.2 becomes 

x = (v — v f )/v fg = (0.008 - 0.001 452)/0.029 75 = 0.2201 


EXAM! Determine the pressure for water at 200°C with v = 0.4 m 3 /kg. 

Solution 

Start in Table El. 1.1 with 200°C and note that v > v g = 0.127 36 m 3 /kg, so we have 
superheated vapor. Proceed to Table B. 1.3 at any subsection with 200°C; suppose we start 
at 200 kPa. There v = 1.080 34, which is too large, so the pressure must be higher. For 
500 kPa, v = 0.424 92, and for 600 kPa, v = 0.352 02, so it is bracketed. This is shown in 
Fig. 3.16. 


FIGURE 3.16 

Diagram for Example 3.7. 
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FIGURE 3.17 Linear 
interpolation for Example 
3 . 7 . 


P 


600 - 


500 - 


0.35 


_L 


_L 


0.4 0.42 


The real constant-T curve is slightly curved and not linear, 
but for manual interpolation we assume a linear variation. 


A linear interpolation, Fig. 3.17, between the two pressures is done to getP at the 
desired v. 


P = 500 + (600 - 500) 


0.4 - 0.424 92 
0.352 02 - 0.424 92 


= 534.2 kPa 


In-Text Concept Questions 

d. Some tools should be cleaned in liquid water at 150°C. How high a P is needed? 

e. Water at 200 kPa has a quality of 50%. Is the volume fraction V g IV t0 1 <50% 
or >50%? 

f. Why are most of the compressed liquid or solid regions not included in the printed 
tables? 

g. Why is it not typical to find tables for argon, helium, neon, or air in a B -section table? 

h. What is the percent change in volume as liquid water freezes? M ention some effects 
the volume change can have in nature and in our households. 


3.5 


THERMODYNAMIC SURFACES 


The matter discussed to this point can be well summarized by consideration of a pressure- 
specific volume- temperature surface. Two such surfaces are shown in Figs. 3.18 and 3.19. 
Figure 3.18 shows a substance such as water, in which the specific volume increases during 
freezing. Figure 3.19 shows a substance in which the specific volume decreases during 
freezing. 

In these diagrams the pressure, specific volume, and temperature are plotted on mu- 
tually perpendicular coordinates, and each possible equilibrium state is thus represented by 
a point on the surface. This follows directly from the fact that a pure substance has only 
two independent intensive properties. All points along a quasi -equilibrium process lie on 
theP-v-T surface, since such a process always passes through equilibrium states. 

The regions of the surface that represent a single phase— the solid, liquid, and vapor 
phases— are indicated. These surfaces are curved. The two-phase regions— thesol id- liquid, 
sol id- vapor, and liquid- vapor regions— are ruled surfaces. By this we understand that they 
are made up of straight lines parallel to the specific-volume axis. This, of course, follows 
from thefactthatin thetwo-phase region, linesof constant pressure are also linesof constant 
temperature, although the specific volume may change. The triple point actually appears as 
the triple line on the P-v-T surface, since the pressure and temperature of the triple point 
are fixed, but the specific volume may vary, depending on the proportion of each phase. 
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FIGURE 3.1 8 P-v-T 

surface for a substance 
that expands on freezing. 


f j i" o 




It is also of interest to note the pressure- temperature and pressure-volume projections 
of these surfaces. We have already considered the pressure-temperature diagram for a 
substance such as water. It is on this diagram that we observe the triple point. Various lines 
of constant temperature are shown on the pressure- volume diagram, and the corresponding 
constant-temperature sections are lettered identically on the P-v-T surface. The critical 
isotherm has a point of inflection at the critical point. 

Notice that for a substance such as water, which expands on freezing, the freezing 
temperature decreases with an increase in pressure. Fora substance that contracts on freez- 
ing, the freezing temperature increases as the pressure increases. Thus, as the pressure of 
vapor is increased along the constant-temperature I ineabcdef in Fig. 3.18, a substance that 
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FIGURE 3.19 P-v-T 
surface for a substance 
that contracts on 
freezing. 



expands on freezing first becomes solid and then liquid. For the substance that contracts 
on freezing, the corresponding constant-temperature line (Fig. 3.19) indicates that as the 
pressure on the vapor is increased, it first becomes liquid and then solid. 


3.6 


THE P-V-T BEHAVIOR OF LOW- AND 
MODERATE-DENSITY GASES 


Oneform of energy possession by a system discussed in Section 2.6 is i ntermol ecul ar (I M ) 
potential energy, that energy associated with the forces between molecules. It was stated 
there that at very low densities the average distance between molecules is so large that the 
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IM potential energy may effectively be neglected. In such a case, the particles would be 
independent of one another, a situation referred to as an ideal gas. U nder this approximation, 
it has been observed experimentally that, to a close approximation, a very-low-density gas 
behaves according to the ideal -gas equation of state 

PV = nRT, Pv = RT (3.3) 

in which n is the number of kmol of gas, or 

m k 9 ,, .. 

n = (3.4) 

M kg/kmol [ 1 

In Eq. 3.3, R is the universal gas constant, the value of which is, for any gas, 

R = 8.3145 kN m = 8.3145 kJ 
kmol K kmol K 

andT is the absolute (ideal-gas scale) temperature in kelvins (i.e., T (K ) = T(°C) + 273.15). 
It is important to note that T must always be the absolute temperature whenever it is being 
used to multiply or divide in an equation. The ideal-gas absolute temperature scale will be 
discussed in more detail in Chapter 7. In the English Engineering System, 

(U 1545 ™ 
lb mol R 

Substituting Eq. 3.4 into Eq. 3.3 and rearranging, we find that the ideal-gas equation 
of state can be written conveniently in the form 

PV = mRT, Pv = RT (3.5) 

where 

" = w a6> 

in which R is a different constant for each particular gas. The value of R for a number of 
substances is given i n T abl e A .5 and in English units i n T able F.4. 

EXAMPLE 3.8 

W hat is the mass of air contained in a room 6 m x 10 m x 4 m if the pressure is 100 kPa 
and the temperature is 25°C? 

Solution 

Assume air to be an ideal gas. By using Eq. 3.5 and the value of R from Table A .5, we 
have 

PV 100 kN /m 2 x 240 m 3 r , 

m ~ RT ~ 0.287 kN m/kg K x 298.2 K “ ' 9 
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EXAMP A tank has a volume of 0.5 m 3 and contains 10 kg of an ideal gas having a molecular mass 

of 24. The temperature is 25°C. What is the pressure? 

Solution 

The gas constant is determined first: 

_ R 8.3145 kN m/kmol K 
M 24kg/kmol 

= 0.346 44 kN m/kg K 

We now solve for P: 

mfi T _ 10 kg x 0.346 44 kN m/kg K x 298.2 K 
V 0.5 m 3 

= 2066 kPa 


A tank has a volume of 15 ft 3 and contains 20 Ibm of an ideal gas having a molecular mass 
of 24. The temperature is 80 F. What is the pressure? 

Solution 

The gas constant is determined first: 

R = 

We now solve for P: 

„ mRT 


R 1545 ft Ibf /lb mol R 


M 


24 Ibm/lb mol 


= 64.4 ft Ibf/lbm R 


20 Ibm x 64.4 ft Ibf/lbm R x 540 R 
144 in. 2 /ft 2 x 15ft 3 


= 321 lbf/in. 2 


EXAMPLE 3.10 A gas bell is submerged in liquid water, with its mass counterbalanced with rope and 
pulleys, as shown in Fig. 3.20. The pressure inside is measured carefully to be 105 kPa, 
and the temperature is 21°C. A volume increase is measured to be 0.75 m 3 over a period 
of 185 s. W hat is the volume flow rate and the mass flow rate of the flow into the bell, 
assuming it is carbon dioxide gas? 



FIGURE 3.20 Sketch for Example 3.10. 
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Solution 


The volumeflow rate is 



AV 

~At 


0.75 

T85 


0.040 54 m 3 /s 


and the mass flow rate ism = pV = V /v. At close to room conditions the carbon dioxide 
is an ideal gas, so PV = mRT or v = RT/P, and from Table A .5 we have the ideal -gas 
constant/! = 0.1889 kj /kg K . The mass flow rate becomes 



105 x 0.040 54 kPa m 3 /s 
0.1889(273.15 + 21) kj /kg 


= 0.0766 kg/s 


Because of its simplicity, the ideal-gas equation of state is very convenient to use in 
thermodynamic calculations. However, two questions are now appropriate. The ideal-gas 
equation of state is a good approximation at low density. But what constitutes low density? 
In other words, over what range of density will the ideal-gas equation of state hold with 
accuracy? The second question is, how much does an actual gas at a given pressure and 
temperature deviate from ideal-gas behavior? 

One specific example in response to these questions is shown in Fig. 3.21, a T-v 
diagram for water that indicates the error in assuming ideal gas for saturated vapor and 
for superheated vapor. As would be expected, at very low pressure or high temperature the 
error is small, but it becomes severe as the density increases. The same general trend would 
occur in referring to Figs. 3.18 or 3.19. As the state becomes further removed from the 
saturation region (i.e., high T or low P), the behavior of the gas becomes closer to that of 
the ideal-gas model. 


FIGURE 3.21 

Temperature-specific 
volume diagram for 
water. 
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3.7 THE COMPRESSIBILITY FACTOR 


A more quantitative study of the question of the i deal -gas approximation can be conducted 
by introducing the compressibility factor Z, defined as 



or 


(3.7) 


Pv = ZRT 


N ote that for an ideal gas Z = 1, and the deviation of Z from unity is a measure of 
the deviation of the actual relation from the ideal-gas equation of state. 

Figure 3.22 shows a skeleton compressibility chart for nitrogen. From this chart we 
make three observations. The first is that at all temperatures Z 1 as P ->■ 0. That is, 
as the pressure approaches zero, the P-v-T behavior closely approaches that predicted by 
the ideal-gas equation of state. Second, at temperatures of 300 K and above (that is, room 
temperature and above), the compressibility factor is near unity up to a pressure of about 
10 M Pa. This means that the ideal-gas equation of state can be used for nitrogen (and, as it 
happens, air) over this range with considerable accuracy. 

Third, at lower temperatures or at very high pressures, the compressibility factor 
deviates significantly from the ideal-gas value. M oderate-density forces of attraction tend 
to pull molecules together, resulting in a value of Z < 1, whereas very-hi gh-densi ty forces 
of repulsion tend to have the opposite effect. 

If we examine compressibility diagrams for other pure substances, we find that the 
diagrams are all similar in the characteristics described above for nitrogen, at least in a 
qualitative sense. Quantitatively thediagramsareall different, sincethecritical temperatures 
and pressures of different substances vary over wide ranges, asindicated by the values listed 


2.0 


FIGURE 3.22 

Compressibility of 
nitrogen. 
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EXAMPLE 3.11 


in Table A .2. Is there a way we can put all of these substances on a common basis? To do 
so, we "reduce" the properties with respect to the values at the critical point. The reduced 
properties are defined as 

p 

reduced pressure = P r = — , P c = critical pressure 

' C 

reduced temperature = T r = — , T c = critical temperature (3.8) 

•C 

These equations state that the reduced property for a given state is the value of this 
property in this state divided by the value of this same property at the critical point. 

If lines of constant T r are plotted on aZ versus P r diagram, a plot such as that in Fig. 
D.l is obtained. The striking fact is that when such Z versus P r diagrams are prepared for 
a number of substances, all of them nearly coincide, especially when the substances have 
simple, essentially spherical molecules. Correlationsforsubstances with more complicated 
molecules are reasonably close, except near or at saturation or at high density. Thus, Fig. 
D.l is actually a generalized diagram for simple molecules, which means that it represents 
the average behavior for a number of simple substances. When such a diagram is used for 
a particular substance, the results will generally be somewhat in error. Flowever, if P-v-T 
information is required for a substance in a region where no experimental measurements 
have been made, this generalized compressibility diagram will give reasonably accurate 
results. We need to know only the critical pressure and critical temperature to use this basic 
generalized chart. 

In our study of thermodynamics, we will use Fig. D.l primarily to help us decide 
whether, in a given circumstance, it is reasonable to assume ideal -gas behavior as a model. 
For example, we note from the chart that if the pressure is very low (that is, <<P C ), the ideal - 
gas model can be assumed with good accuracy, regardless of the temperature. Furthermore, 
at high temperatures (that is, greater than about twice T c ), the ideal-gas model can be 
assumed with good accuracy up to pressures as high as four or five times P c . When the 
temperature is less than about twice the critical temperature and the pressure is not extremely 
low, we are in a region, commonly termed superheated vapor, in which the deviation from 
ideal-gas behavior may be considerable. In this region it is preferable to use tables of 
thermodynamic properties or charts for a particular substance, as discussed in Section 3.4. 


Is it reasonable to assume ideal-gas behavior at each of the given states? 

a. N itrogen at 20°C , 1.0 M Pa 

b. Carbon dioxide at 20°C, 1.0 M Pa 

c. Ammoniaat20°C, 1.0 M Pa 

Solution 

In each case, it is first necessary to check phase boundary and critical state data. 

a. For nitrogen, the critical properties are, from Table A. 2, 126.2 K, 3.39 M Pa. Since the 
given temperature, 293.2 K, is more than twice T c and the reduced pressure is less than 
0.3, ideal-gas behavior is a very good assumption. 
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EXAMPLE 3.12 


EXAMPLE 3.13 


b. For carbon dioxide, the critical properti es are 304. 1 K, 7.38 M Pa. Therefore, the reduced 
properties are 0.96 and 0.136. From Fig. D.l, carbon dioxide is a gas (although T < 
T c ) with a Z of about 0.95, so the ideal-gas model is accurate to within about 5% in 
this case. 

c. The ammonia tables, Table B.2, give the most accurate information. From Table B. 2.1 
at 20°C, P g = 858 kPa. Since the given pressure of 1 M Pa is greater than P g , this state 
is a compressed liquid, not a gas. 


Determine the specific vol ume for R- 134a at 100°C, 3.0 M Pa for the foil owing models: 


a. The R-134a tables, Table B. 5 

b. Ideal gas 

c. The generalized chart, Fig. D.l 

Solution 


a. From Table B.5.2 at 100°C, 3 M Pa 

v = 0.006 65 m 3 /kg (most accurate value) 

b. Assuming ideal gas, we have 

R 8.3145 kj 

R = — = = 0.081 49—— 

M 102.03 kg K 


v = 


RT 0.081 49 x 373.2 
T ~ 3000 

which is more than 50% too large, 

c. Using the generalized chart, Fig. D.l, we obtain 


= 0.010 14 m 3 /kg 


T , _ Ei = i.o. 


374.2 


P ' = 4^6= 0 - 74 ' 


Z = 0.67 


RT 


v = Z x — = 0.67 x 0.010 14 = 0.006 79 m 3 /kg 


which is only 2% too large. 


Propanein asteel bottleof volumeO.l m 3 has a quality of 10% at a temperature of 15°C. 
Use the generalized compressibility chart to estimate the total propane mass and to find 
the pressure. 

Solution 

To use Fig. D.l, we need the reduced pressure and temperature. From Table A. 2 for 
propane, P c = 4250 kPa and T c = 369.8 K . The reduced temperature is, from Eq. 3.8, 

T 273.15 + 15 
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From Fig. D.l, shown in Fig. 3.23, wecan read for the saturated states 


z 



0.2 


1 


FIGURE 3.23 Diagram for 
Example 3.13. 


For the two-phase state the pressure is the saturated pressure: 

P = P r sat x Pc = 0.2 X 4250 kPa = 850 kPa 
The overall compressibility factor becomes, as Eq. 3.1 for v, 

Z = (1 - x)Z f + xZg = 0.9 X 0.035 + 0.1 x 0.83 = 0.1145 
The gas constant from Table A .5 is R = 0.1886 kj /kg K, so the gas law is Eq. 3.7: 

PV — mZ R T 


850 x 0.1 kPam 3 

0.1145 x 0.1886 x 288.15 kj /kg 


PV 


= 13.66 kg 


In-Text Concept Questions 


i. Flow accurate is it to assume that methane is an ideal gas at room conditions? 

j. I want to determine a state of some substance, and I know that P = 200 kPa; is it 
helpful to write P V =mRT to find the second property? 

k. A bottle at 298 K should have liquid propane; how high a pressure is needed? 
(Use Fig. D.l.) 


3.8 EQUATIONS OF STATE 


Instead of the ideal -gas model to represent gas behavior, or even the generalized compress- 
ibility chart, which is approximate, it is desirable to have an equation of state that accurately 
represents the P-v-T behavior for a particular gas over the entire superheated vapor re- 
gion. Such an equation is necessarily more complicated and consequently more difficult to 
use. M any such equations have been proposed and used to correlate the observed behavior 
of gases. As an example, consider the class of relatively simple equation known as cubic 
equations of state 



v 2 + cbv + db 2 


a 


(3.9) 
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in terms of the four parameters a, b, c, and d. (Note that if all four are zero, this reduces to 
the ideal-gas model.) Several other different models in this class are given in Appendix D. 
In some of these models, the parameters are functions of temperature. A more complicated 
equation of state, the Lee-Kesler equation, is of particular interest, since this equation, 
expressed in reduced properties, is the one used to correlate the generalized compressibility 
chart, Fig. D.l. This equation and its 12 empirical constants are also given in Appendix 
D. When we use a digital computer to determine and tabulate pressure, specific volume, 
and temperature, as well as other thermodynamic properties, as in the tables presented in 
Appendix B, modern equations are much more complicated, often containing 40 or more 
empirical constants. This subject is discussed in detail in Chapter 14. 


3.9 


COMPUTERIZED TABLES 


M ost of the tables in the appendix are supplied in a computer program on the disk ac- 
companying this book. The main program operates with a visual interface in the Windows 
environment on a PC-type computer and is generally self-explanatory. 

The main program covers the full set of tables for water, refrigerants, and cryogenic 
fluids, as in Tables B.l to B.7, including the compressed liquid region, which is printed 
only for water. For these substances a small graph with the P-v diagram shows the region 
around the critical point down toward the triple line covering the compressed liquid, two- 
phase liquid-vapor, dense fluid, and superheated vapor regions. Asa state is selected and 
the properties are computed, a thin crosshair set of lines indicates the state in the diagram 
so that this can be seen with a visual impression of the state’s location. 

Ideal gases corresponding to Tables A. 7 for air and A. 8 or A. 9 for other ideal gases 
are covered. You can select the substance and the units to work in for all the table sections, 
providing a wider choice than the printed tables. M etric units (SI) or standard English units 
for the properties can be used, as well as a mass basis (kg or Ibm) ora mole basis, satisfying 
the need for the most common applications. 

The generalized chart, Fig. D.l, with the compressibility factor, is included to allow a 
more accurate value of Z to be obtained than can be read from the graph. This is particularly 
useful for a two-phase mixture where the saturated liquid and saturated vapor values are 
needed. Besides the compressibility factor, this part of the program includes correction 
terms beyond ideal -gas approximations for changes in the other thermodynamic properties. 

The only mixture application that is included with the program is moist air. 


EXAMPLE Find the states in Examples 3.1 and 3.2 with the computer-aided thermodynamics tables, 

(CATT), and list the missing property of P-v-T and x if applicable. 

Solution 

Water states from Example 3.1: Click Water, click Calculator, and then select Case 1 
(T, P), input (T, P) = (120, 0.5). The result is as shown in Fig. 3.24. 

=>• Compressed liquid v = 0.0106 m 3 /kg (as in Table B .1.4) 

Click Calculator and then select Case 2 (T, v). Input (T, v) = (120, 0.5): 

=> Two-phase x = 0.5601, P = 198.5 kPa 
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FIGURE 3.24 CATT 
result for Example 3.1 . 



Ammonia state from Example 3.2: Click Cryogenics; check that it is ammonia. Otherwise, 
select Ammonia, click Calculator, and then select Case 1 (T, P). Input (T, P ) = (30, 1): 

=x Superheated vapor v = 0.1321 m 3 /kg (as in Table B. 2. 2) 

R-134a state from Example 3.2: Click Refrigerants; check that it is R-134a. Otherwise, 
select R-134a (Alt-R), click Calculator, and then select Case 5 (P, v). Input (P, v) = (0.2, 
0.125): 


=>■ Superheated vapor T = 44.0°C 
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In-Text Concept Question 

I. A bottle at 298 K should have liquid propane; how high a pressure is needed? (Use 
the software.) 


3.10 


ENGINEERING APPLICATIONS 


Information about the phase boundaries is important for storage of substances in a two-phase 
state I ike a bottle of gas. The pressure in the container is the saturation pressure for the pre- 
vailing temperature, so an estimate of the maxi mum temperature thesystem will besubjectto 
gives the maximum pressureforwhichthecontainermustbedimensioned (Figs. 3.25, 3.26). 

in a refrigerator a compressor pushes the refrigerant through the system, and this 
determines the highest fluid pressure. The harder the compressor is driven, the higher 


FIGURE 3.25 Storage 
tanks. 



(a) Stainless steel tanks 



(b) Top of aerosol can 


FIGURE 3.26 A 

tanker to transport 
liquefied natural gas 
(LNG), which is mainly 
methane. 
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FIGURE 3.27 

Household refrigerator 
components. 



FIGURE 3.28 

Thermal expansion 
joints. (a) Railroad tracks 


(to) Bridge expansion joint 


FIGURE 3.29 Hotair 

balloon. 
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the pressure becomes. When the refrigerant condenses, the temperature is determined by 
the saturation temperature for that pressure, so the system must be designed to hold the 
temperature and pressure within a desirable range (Fig. 3.27). 

The effect of expansion-contraction of matter with temperature is important in many 
different situations. Two of those are shown in Fig. 3.28; the railroad tracks have small 
gaps to allow for expansion, which leads to the familiar clunk-clunk sound from the train 
wheels when they roll over the gap. A bridge may have a finger joint that provides a 
continuous support surface for automobile tires so that they do not bump, as the train 
does. 

When air expands at constant pressure, it occupies a larger volume; thus, the density 
is smaller. This is how a hotair balloon can lift a gondola and people with a total mass equal 
to the difference in air mass between the hot air inside the balloon and the surrounding 
colder air; this effect is called buoyancy (Fig. 3.29). 


SUMMARY Thermodynamic propertiesof a puresubstance and thephase boundariesforsol id, liquid, and 
vapo states are discussed. Phase equilibrium for vaporization (boiling liquid to vapor), or the 
opposite, condensation (vaporto liquid); sublimation (solidto vapor) or the opposite, solid- 
ification (vaporto solid); and melting (solid to liquid) or the opposite, solidifying (liquid to 
solid), should be recognized. T hethree-di mensi onal P- v- T surfao and the two-dimensional 
representations in the (P, T), (T, v) and (P, v) diagrams, and the vaporization, sublimation, 
and : usion lines, are related to the printed tables in Appendix B. Properties from printed 
and computer tables covering a number of substances are introduced, including two-phase 
mixtures, for which we use the mass fraction of vapor (quality). The ideal -gas law approxi- 
mates the limiting behavior for low density. An extension of the ideal -gas law is shown with 
the compressibility factor Z, and other, more complicated equations of state are mentioned. 

You should have learned a number of skills and acquired abilities from studying this 
chapter that will allow you to 

• Know phases and the nomenclature used for states and interphases. 

• Identify a phasegiven a state (T , P). 

• Locate states relative to the critical point and know Tables A .2 (F.l) and 3.2. 

• Recognize phase diagrams and interphase locations. 

• Locate states in the Appendix B tables with any entry: (T, P), (T, v), or (P, v) 

• Recognize how the tables show parts of the (T, P), (T, v), or (P, v) diagrams. 

• Find properties in the two-phase regions; use quality x. 

• Locate states using any combination of (T, P ,v,x) including linear interpolation. 

• Know when you have a liquid or solid and the properties in Tables A .3 and A .4 (F.2 
and F.3). 

• K now when a vapor is an ideal gas (or how to find out). 

• K now the ideal-gas law and Table A .5 (F.4). 

• Know the compressibility factorZ and the compressibility chart, Fig. D.l. 

• K now the existence of more general equations of state. 

• K now how to get properties from the computer program. 
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KEY CONCEPTS Phases 
AND FORMULAS phase equilibrium 

M ulti phase boundaries 


Equilibrium state 
Quality 

Average specific volume 
Equilibrium surface 
Ideal-gas law 
U niversal gas constant 
Gas constant 

Compressibility factor Z 

Reduced properties 
Equations of state 


Solid, liquid, and vapor (gas) 

T sat, Psat, Vf,V gi V; 

Vaporization, sublimation, and fusion lines: 

Figs. 3.5 (general), 3.6 (C0 2 ), and 3.7 (water) 

Critical point: Table 3.1, TableA.2 (F.l) 

Triple point: Table 3.2 

Two independent properties (#1, #2) 

x = m vap /m (vapor mass fraction) 

l-x = mi iq /m (liquid mass fraction) 

v = (1 - x)v f + xv g (only two-phase mixture) 

P-v-T Tables or equation of state 
Pv = RT PV — mRT = nRT 
R = 8.3145 kj/kmol K 

R = R/M kj /kg K, Table A. 5 orM from TableA.2 
ft I bf/l bm R,TableF.4orM from Table F.l 
Pv = ZRT ChartforZ in Fig. D.l 
P T 

P r = — T r = — Entry to compressibility chart 
r c I c 

Cubic, pressure explicit: Appendix D,TableD.l 
Lee Kesler: Appendix D, Table D. 2, and Fig. D.l 


CONCEPT-STUDY GUIDE PROBLEMS 

3.1 Are the pressures in the tables absolute or gauge 
pressures? 

3.2 What is the minimum pressure for liquid carbon 
dioxide? 

3.3 W hen you skate on ice, a thin liquid film forms under 
the skate; why? 

3.4 At higher elevations, as in mountains, air pres- 
sure is lower; how does that affect the cooking of 
food? 

3.5 Water at room temperature and room pressure has 
v 1 x 10 n m 3 /kg; what is n? 

3.6 In Example 3.1 b, is there any mass at the indicated 
specific volume? Explain. 

3.7 Sketch two constant-pressure curves (500 kPa and 
30 000 kPa) in a T -v diagram and indicate on the 
curves where in the water tables the properties are 
found. 


3.8 If i have 1 L of ammonia at room pressure and tem- 
perature (100 kPa, 20°C), what is the mass? 

3.9 Locate the state of ammonia at 200 kPa, -10°C. in- 
dicate in both theP-vand T -v diagrams the location 
of the nearest states listed in Table B. 2. 

3.10 Why are most compressed liquid orsolid regions not 
included in the printed tables? 

3.11 Flow does a constant - v process for an ideal gas ap- 
pear in a P-T diagram? 

3.12 If v — RT IP for an ideal gas, what is the similar 
equation fora liquid? 

3.13 Flow accurate (find Z) is it to assume that propane is 
an ideal gas at room conditions? 

3.14 With T r — 0.80, what is the ratio of v g /Vf using Fig. 
D.l or Table D.4? 

3.15 To solve for v given (P, T) in Eq. 3.9, what is the 
mathematical problem? 
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HOMEWORK PROBLEMS 

Phase Diagrams, T riple and C ritical Points 

3.16 Carbon dioxide at 280 K can be in three different 
phases: vapor, liquid, and solid. Indicate the pres- 
sure range for each phase. 

3.17 M odern extraction techniques can be based on dis- 
solving material in supercritical fluids such as car- 
bon dioxide. How high are the pressure and density 
of carbon dioxide when the pressure and tempera- 
ture are around the critical point? Repeat for ethyl 
alcohol. 

3.18 The ice cap at the North Pole may be 1000 m thick, 
with a density of 920 kg/m 3 . Find the pressure at 
the bottom and the corresponding melting temper- 
ature. 

3.19 Find the lowest temperature at which it is possible 
to have water in the liquid phase. At what pressure 
must the liquid exist? 

3.20 Water at27°C can existin differentphases, depend- 
ing on the pressure. Give the approximate pressure 
range in kPa for water in each of the three phases: 
vapor, liquid, and solid. 

3.21 Dry ice is the name of solid carbon dioxide. How 
cold must it be at atmospheric (100 kPa) pressure? 
If it is heated at 100 kPa, what eventually happens? 

3.22 Find the lowest temperature in Kelvin for which 
metal can exist as a liquid if the metal is (a) silver 
or (b) copper. 

3.23 A substance is at 2 M Pa and 17°C in a rigid tank. 
Using only the critical properties, can the phase of 
the mass be determi ned if the substance i s nitrogen, 
water, or propane? 

3.24 Give the phase for the foil owing states: 

a. C0 2 at T = 40°C and P = 0.5 M Pa 

b. AiratT = 20°C and P = 200 kPa 

c. N H 3 at T = 170°C and P = 600 kPa 

General Tables 

3.25 D etermi ne the phase of water at 

a. T = 260°C, P = 5 MPa 

b. T = — 2°C, P = 100 kPa 

3.26 Determine the phase of the substance at the given 
state using Appendix B tables. 

a. Water: 100°C,500 kPa 

b. Ammonia: -10°C, 150 kPa 

c. R-410a: 0°C, 350 kPa 


3.27 Determine whether water at each of the following 
states is a compressed liquid, a superheated vapor, 
ora mixture of saturated liquid and vapor: 

a. 10 MPa, 0.003 m 3 /kg c. 200°C, 0.1 m 3 /kg 

b. 1 M Pa, 190°C d. 10 kPa, 10°C 

3.28 For water at 100 kPa with a quality of 10%, find the 
volume fraction of vapor. 

3.29 Determine whether refrigerant R-410a in each of 
the following states is a compressed liquid, a su- 
perheated vapor, or a mixture of saturated liquid 
and vapor. 

a. 50°C, 0.05 m 3 /kg c. 0.1 M Pa, 0.1 m 3 /kg 

b. 1.0 MPa, 20°C d. -20°C, 200 kPa 

3.30 Show the states in Problem 3.29 in a sketch of the 
P-v diagram. 

3.31 How great is the change in the liquid specific vol- 
ume for water at 20°C as you move up from state i 
toward state/ in Fig. 3.12, reaching 15 000 kPa? 

3.32 Fill out the fol lowi ng tableforsubstanceammonia: 


P[kPa] 

T[°C] 

v[m 3 /kg] 

X 

a. 

50 

0.1185 


b. 

50 


0.5 


3.33 Place the two states a-b listed in Problem 3.32 as 
labeled dots in a sketch of the P-v and T-v dia- 
grams. 

3.34 Give the missing property of P, T, v, and x for 
R-134a at 

a. T = -20°C, P = 150 kPa 

b. P = 300 kPa, v = 0.072 m 3 /kg 

3.35 Fill out the fol I owing table for substance water: 



P[kPa] 

T[°C] 

v[m 3 /kg] 

X 

a. 

500 

20 



b. 

500 


0.20 


c. 

1400 

200 



d. 


300 


0.8 


3.36 Place the four states a-d listed in Problem 3.35 
as labeled dots in a sketch of the P-v and T-v 
diagrams. 
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3.37 Determine the specific volumefor R-410a at these 
states: 

a. -15°C, 500 kPa 

b. 20°C, 1000 kPa 

c. 20°C, quality 25% 

3.38 Give the missing property of P , T , v, and xforCH 4 
at 

a. T = 155 K, v = 0.04 m 3 /kg 

b. T = 350 K, v = 0.25 m 3 /kg 

3.39 Give the specific volume of carbon dioxide at 
— 20°C for 2000 kPa and for 1400 kPa. 

3.40 Calculate the fol lowi ng specific volumes: 

a. Carbon dioxide: 10°C, 80% quality 

b. Water: 4 M Pa, 90% quality 

c. Nitrogen: 120 K, 60% quality 

3.41 G ive the phase and P , x for nitrogen at 

a. T = 120 K, v = 0.006 m 3 /kg 

b. T = 140 K, v = 0.002 m 3 /kg 

3.42 You want a pot of water to boil at 105°C. How 
heavy a lid should you put on the 15-cm-diameter 
pot when P atm = 101 kPa? 

3.43 Water at 120°C with a quality of 25% has its tem- 
perature raised 20°C in a constant-volume process. 
What is the new quality and pressure? 

3.44 A sealed rigid vessel has volume of 1 m 3 and con- 
tains 2 kg of water at 100°C. The vessel is now 
heated . I f a safety pressure val ve i s i nstal I ed, at w hat 
pressure shoul d the valve be set to have a maxi mum 
temperature of 200°C? 

3.45 Saturated water vapor at 200 kPa is in a constant- 
p ressu re p i sto n/cy I i n d er assem bl y . A t th i s state th e 
piston is 0.1 m from the cylinder bottom. How 
much is this distance and what is the temperature 
if the water is cooled to occupy half of the original 
volume? 

3.46 Saturated liquid water at 60°C is put under pres- 
sure to decrease the volume by 1% while keeping 
the temperature constant. To what pressure should 
it be compressed? 

3.47 Water at 200 kPa with a quality of 25% has its tem- 
perature raised 20°C in a constant-pressure process. 
What is the new quality and volume? 

3.48 I n your refrigerator, the working substance evapo- 
rates from liquid to vapor at -20°C inside a pipe 
around the cold section. Outside (on the back or 
below) is a black grille, inside of which the work- 
ing substance condenses from vapor to liquid at 


+40°C . For each location, find the pressure and the 
change in specific volume (v) if the substance is 
ammonia. 

3.49 Repeat the previous problem with the substances 

a. R-134a 

b. R-410a 

3.50 Repeat Problem 3.48 with carbon dioxide, con- 
denser at +20°C and evaporator at -30°C . 

3.51 A glassjar is filled with saturated water at 500 kPa 
of quality 25%, and a tight lid is put on. Now it is 
cooled to -10°C. W hat is the mass fraction of solid 
at this temperature? 

3.52 Two tanks are connected as shown in Fig. P3.52, 
both containing water. Tank A is at 200 kPa, v = 
0.5 m 3 /kg, V A = 1 m 3 , and tank B contains 3.5 kg 
at 0.5 M Pa and 400°C. The valve is now opened 
and the two tanks come to a uniform state. Find the 
final specific volume. 





FIGURE P3.52 

3.53 Saturated vapor R-134a at 50°C changes volume at 
constant temperature. Find the new pressure, and 
quality if saturated, if the volume doubles. Repeat 
the problem for the case where the volume is re- 
duced to half of the original volume. 

3.54 A steel tank contains 6 kg of propane (liquid + va- 
por) at 20°C with a volume of 0.015 m 3 . The tank 
is now slowly heated. Will the liquid level inside 
eventually rise to the top or drop to the bottom of 
the tank? What if the initial mass is 1 kg instead of 
6 kg? 

3.55 Saturated water vapor at 60°C has its pressure de- 
creased to increase the volume by 10% while keep- 
ing the temperature constant. To what pressure 
should it be expanded? 

3.56 Ammonia at 20°C with a quality of 50% and a total 
mass of 2 kg is in a rigid tank with an outlet valve at 
the bottom. How much liquid mass can be removed 
through the valve, assuming that the temperature 
stays constant? 
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3.57 A sealed, rigid vessel of 2 m 3 contains a saturated 
mixtureof liquid and vapor R-134a at 10°C. If it is 
heated to 50°C, the liquid phase disappears. Find 
the pressure at 50°C and the initial mass of the 
liquid. 

3.58 A storagetank holds methane at 120 K, with a qual- 
ity of 25%, and it warms up by 5°C per hour due 
to a failure in the refrigeration system. How much 
ti me w i 1 1 it take before the methane becomes si ngl e 
phase, and what is the pressure then? 

3.59 Ammonia at 10°C with a mass of 10 kg is in a pis- 
ton/cylinder assembly with an initial volume of 1 
m 3 . The piston initially resting on the stops has a 
mass such that a pressure of 900 kPa will float it. 
Now the ammonia is slowly heated to 50°C. Find 
the final pressure and volume. 

3.60 A 400-m 3 storagetank is being constructed to hold 
liquified natural gas(LGN ), which may be assumed 
to be essentially pure methane. If the tank is to con- 
tain 90% liquid and 10% vapor, by volume, at 100 
kPa, what mass of LNG (kg) will the tank hold? 
What is the quality in the tank? 

3.61 A boiler feed pump delivers 0.05 m 3 /s of water at 
240°C, 20 M Pa. What is the mass flow rate (kg/s)? 
What would be the percent error if the properties 
of saturated liquid at 240°C were used in the cal- 
culation? What if the properties of saturated liquid 
at 20 M Pa were used? 

3.62 A piston/cylinder arrangement is loaded with a lin- 
ear spring and the outside atmosphere. It contains 
water at 5 M Pa, 400°C, with the volume being 0.1 
m 3 , as shown in Fig. P3.62. If the piston is at the 
bottom, the spring exerts a force such that P| ift = 
200 kPa. The system now cools until the pressure 
reaches 1200 kPa. Find the mass of water and the 
final state (T 2 , V 2 ) and plot the P-v diagram for 
the process. 



h 2 o 


3.63 A pressure cooker (closed tank) contains water at 
100°C, with the liquid volume being l/10th of the 
vapor volume. It is heated until the pressure reaches 
2.0 M Pa. Find the final temperature. Has the final 
state more or less vapor than the initial state? 

3.64 A pressure cooker has the lid screwed on tight. A 
small opening with A = 5 mm 2 is covered with a 
petcock that can be lifted to let steam escape. How 
much mass should thepetcock haveto allow boiling 
atl20°C with an outside atmosphere at 101.3 kPa? 



FIGURE P3.64 


I deal G as 

3.65 What is the relative (%) change in P if we double 
the absolute temperature of an ideal gas, keeping 
the mass and vol ume constant? R epeat if we double 
V , keeping m and T constant. 

3.66 A 1-m 3 tank i s fi I led w ith a gas at room temperature 
(20°C) and pressure (100 kPa). How much mass is 
there if the gas is (a) air, (b) neon, or (c) propane? 

3.67 Calculate the ideal-gas constant for argon and hy- 
drogen based on Table A .2 and verify the value with 
Table A. 5. 

3.68 A pneumatic cylinder (a piston/cylinder with air) 
must close a door with a force of 500 N . The cylin- 
der's cross-sectional area is 5 cm 2 and its volume 
is 50 cm 3 . What is the air pressure and its mass? 

3.69 Is it reasonable to assume that at the given states 
the substance behaves as an ideal gas? 

a. Oxygen at30°C, 3 M Pa 

b. M ethane at 30°C, 3 M Pa 

c. Water at 30°C, 3 M Pa 

d. R-134a at 30°C, 3 M Pa 

e. R-134a at 30°C, 100 kPa 

3.70 Helium in a steel tank is at 250 kPa, 300 K with a 
volume of 0.1 m 3 . it is used to fill a balloon. W hen 
the pressure drops to 150 kPa, the flow of helium 


FIGURE P3.62 
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stops by itself. If all the helium is still at 300 K, 
how big a balloon is produced? 

3.71 A hollow metal sphere with an inside diameter of 
150 mm is weighed on a precision beam balance 
when evacuated and again after being filled to 875 
kPa with an unknown gas. The difference in mass 
is 0.0025 kg, and the temperature is 25°C. What 
is the gas, assuming it is a pure substance listed in 
Table A. 5? 

3.72 A spherical helium balloon 10 m in diameter is at 
ambient T and P, 15°C and 100 kPa. How much 
helium does it contain? It can lift a total mass that 
equals the mass of displaced atmospheric air. How 
much mass of the balloon fabric and cage can then 
be lifted? 

3.73 A glass is cleaned in hot water at 45°C and placed 
on the table bottom up. The room air at 20°C that 
was trapped in the glass is heated up to 40°C and 
some of it leaks out, so the net resulting pressure 
inside is 2 kPa above the ambient pressure of 101 
kPa. Now the glass and the air inside cool down to 
room temperature. What is the pressure inside the 
glass? 

3.74 Air in an internal-combustion engine has 227°C, 
1000 kPa, with a volume of 0.1 m 3 . Combustion 
heats it to 1500 Kina constant-volume process. 
What is the mass of air, and how high does the 
pressure become? 

3.75 Air in an automobile tire is initially at -10°C and 
190 kPa. After the automobile is driven awhile, the 
temperature rises to 10°C. Find the new pressure. 
You must make one assumption on your own. 



3.76 A rigid tank of 1 m 3 contains nitrogen gas at 600 
kPa, 400 K . By mistake, someone lets 0.5 kg flow 
out. If the final temperature is 375 K, what is the 
final pressure? 

3.77 A ssume we have three states of saturated vapor R- 
134a at +40°C, 0°C, and -40°C. Calculate the 


specific volume at the set of temperatures and 
corresponding saturated pressure assuming ideal- 
gas behavior. Find the percent relative error = 
100(v - Vg)/v g with v g from the saturated R-134a 
table. 

3.78 Do Problem 3.77 for R-410a. 

3.79 Do Problem 3.77, but for the substance ammonia. 

3.80 A 1-m 3 rigid tank has propane at 100 kPa, 300 K 
and connected by a valve to another tank of 0.5 
m 3 with propane at 250 kPa, 400 K . The valve is 
opened, and the two tanks come to a uniform state 
at 325 K. What is the final pressure? 



3.81 A vacuum pump is used to evacuate a chamber 
w here some sped mens are dried at 50°C . T he pump 
rateof volumedisplacementis0.5 m 3 /s, with an in- 
let pressure of 0.1 kPa and a temperature of 50°C. 
How much water vapor has been removed over a 
30-min period? 

3.82 A 1-m 3 rigid tank with air at 1 M Pa and 400 K is 
connected to an air line as shown in Fig. P3. 82. The 
valve is opened and air flows into the tank until the 
pressure reaches 5 M Pa, at which pointthe valve is 
closed and the temperature inside is 450 K . 

a. What is the mass of air in the tank before and 
after the process? 

b. The tank eventually cools to room temperature, 
300 K . W hat i s the pressure i nside the tank then? 
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3.83 A cylindrical gas tank 1 m long, with an inside 
diameter of 20 cm, is evacuated and then filled 
with carbon dioxide gas at 20°C. To what pressure 
should it be charged if there is 1.2 kg of carbon 
dioxide? 

3.84 Ammonia in a piston/cylinder arrangement is at 700 
kPaand80°C. it is now cooled at constant pressure 
to saturated vapor (state 2), at which point the pis- 
ton is locked with a pin. The cooling continues to 
-10°C (state 3). Show the processes 1 to 2 and 2 
to 3 on both a P-v and a T-v diagram. 

Compressibility Factor 

3.85 F i nd the compressi bi I ity factor (Z) for saturated va- 
por ammonia at 100 kPa and at 2000 kPa. 

3.86 Carbon dioxide at 60°C is pumped at a very high 
pressure, 10 M Pa, into an oil well to reduce the 
viscosity of oil for better flow. What is its com- 
pressibility? 

3.87 F i nd the compressi bi I ity for carbon dioxi de at 60°C 
and 10 M Pa using Fig. D.l. 

3.88 What is the percent error in specific volume if the 
i deal -gas model i s used to represent the behavior of 
superheated ammonia at40°C and 500 kPa? What 
if the generalized compressibility chart, Fig. D.l, 
is used instead? 

3.89 A cyl i nder fitted with a frictionless piston contains 
butane at 25°C , 500 kPa. C an the butane reasonably 
be assumed to behave as an ideal gas at this state? 

3.90 Estimate the saturation pressure of chlorine at 
300 K. 

3.91 A bottle with a volume of 0.1 m 3 contains butane 
with a quality of 75% and a temperature of 300 K . 
Estimate the total butane mass in the bottle using 
the generalized compressibility chart. 

3.92 Find the volume of 2 kg of ethylene at 270 K, 2500 
kPa using Z from Fig. D.l. 

3.93 With T r — 0.85 and a quality of 0.6, find the com- 
pressibility factor using Fig. D.l. 

3.94 A rgon is kept in a rigid 5-m 3 tank at -30°C and 3 
M Pa. Determine the mass usi ng the compressi bi I i ty 
factor. What is the error (%) if the ideal-gas model 
is used? 

3.95 R ef rigerant R -32 is at — 10°C w ith a qual ity of 15% . 
Find the pressure and specific volume. 

3.96 To plan a commercial refrigeration system using 
R -123, we would like to know how much more 


volume saturated vapor R-123 occupies per kg at 
-30°C compared to the saturated liquid state. 

3.97 A new refrigerant, R-125, is stored as a liquid at 
-20°C with a small amount of vapor. For 1.5 kg of 
R-125, find the pressure and volume. 

Equations of State 

For these problems see Appendix D for the equation of 
state (EOS) and Chapter 14. 

3.98 Determine the pressure of nitrogen at 160 K, 
v = 0.00291 m 3 /kg using ideal gas, the van der 
Waals EOS, and the nitrogen table. 

3.99 Determine the pressure of nitrogen at 160 K, 
v = 0.00291 m 3 /kg using the R edl ich-K wong EOS 
and the nitrogen table. 

3.100 Determine the pressure of nitrogen at 160 K, 
v = 0.00291 m 3 /kg using the Soave EOS and the 
nitrogen table. 

3.101 Carbon dioxide at 60°C is pumped at a very high 
pressure, 10 M Pa, into an oil well to reduce the 
viscosity of oil for better flow. Find its specific vol- 
ume from the carbon dioxide table, ideal gas, and 
van der Waals EOS by iteration. 

3.102 Solve the previous problem using the Redlich- 
Kwong EOS. Notice that this becomes a trial-and- 
error process. 

3.103 Solve Problem 3.101 using the Soave EOS. Notice 
that this becomes a trial-and-error process. 

3.104 A tank contains 8.35 kg of methane in 0.1 m 3 at 
250 K. Find the pressure using ideal gas, the van 
der Waals EOS, and the methane table. 

3.105 Do the previous problem using theRedlich-Kwong 
EOS. 

3.106 Do Problem 3.104 using the Soave EOS. 

Review Problems 

3.107 Determine the qual ity (if saturated) ortemperature 
(if superheated) of the following substances at the 
given two states: 

a. Water at 

1: 120°C, 1 m 3 /kg; 2: 10 M Pa, 0.01 m 3 /kg 

b. N itrogen at 

1: 1 M Pa, 0.03 m 3 /kg; 2: 100 K, 0.03 m 3 /kg 

3.108 Give the phase and the missing properties of P, T, 
v, and x for 

a. R-410a at 10°C with v = 0.01 m 3 /kg 

b. Water at T = 350°C with v = 0.2 m 3 /kg 
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c. R-410a at -5°C and P = 600 kPa 

d. R-134a at 294 kPa and v = 0.05 m 3 /kg 

3.109 Find the phase, the quality x if applicable, and the 
missing property P or T . 

a. H 2 0 atT = 120°C with v = 0.5 m 3 /kg 

b. H 2 0 atP = 100 kPa with v = 1.8 m 3 /kg 

c. H 2 0 atT = 263 K with v = 200 m 3 /kg 

3.110 Find the phase, quality x, if applicable, and the 
missing property P or T. 

a. N FI 3 at P = 800 kPa with 1 / = 0.2 m 3 /kg 

b. NH 3 atT = 20°C with v = 0.1 m 3 /kg 

3.111 Give the phase and the missing properties of P, 7, 
v, and x. These may be a little more difficult to de- 
termine if the appendix tables are used instead of 
the software. 

a. R-410a, T = 10°C, v = 0.02 m 3 /kg 

b. H 2 0, v = 0.2m 3 /kg,x = 0.5 

c. H 2 0,T = 60°C, v = 0.001016 m 3 /kg 

d. NH 3 ,T = 30°C,P = 60 kPa 

e. R-134a, v — 0.005 m 3 /kg, x = 0.5 

3.112 Refrigerant-410a in a piston/cylinder arrangement 
is initially at 15°C withx= 1. It is then expandedin 
a process so that P = C v _1 to a pressure of 200 kPa. 
Find the final temperature and specific volume. 

3.113 Consider two tanks, A and B, connected by a valve, 
as shown in Fig. P3.113. Each has a volume of 200 
L, and tank A has R-410a at 25°C, 10% liquid and 
90% vapor by volume, while tank B is evacuated. 
Thevalveisnow opened, and saturated vaporflows 
from A to B until the pressure in B has reached that 
in A, at which point the valve is closed. This pro- 
cess occurs slowly such that all temperatures stay 
at 25°C throughout the process. FI ow much has the 
quality changed in tank A during the process? 



FIGURE P3.113 


3.114 Water in a piston/cylinder is at90°C, 100 kPa, and 
the piston loading is such that pressure is propor- 
tional to volume, P = CV. FI eat is now added un- 
til the temperature reaches 200°C. Find the final 


pressure and also the quality if the water is in the 
two-phase region. 

3.115 A tank contains 2 kg of nitrogen at 100 K with a 
quality of 50%. Through a volume flowmeter and 
valve, 0.5 kg is now removed while the tempera- 
ture remains constant. Find the final state inside 
the tank and the volume of nitrogen removed if the 
valve/meter is located at 

a. the top of the tank 

b. the bottom of the tank 

3.116 A spring-loaded piston/cylinder assembly contains 
water at 500°C and 3 M Pa. The setup is such that 
pressure is proportional to volume, P = CV. It 
is now cooled until the water becomes saturated 
vapor. Sketch the P-v diagram and find the final 
pressure. 

3.117 A container with liquid nitrogen at 100 K has a 
cross-sectional area of 0.5 m 2 , as shown in Fig. 
P 3. 117. Due to heat transfer, some of the liquid 
evaporates, and in 1 hour the liquid level drops 
30 mm. The vapor leaving the container passes 
through a valve and a heater and exits at 500 kPa, 
260 K . Calculate the volume rate of flow of nitrogen 
gas exiting the heater. 



FIGURE P3.117 


3.118 Foracertain experiment, R-410avaporiscontained 
in a sealed glass tube at 20°C. We want to know the 
pressure at this condition, but there is no means 
of measuring it, since the tube is sealed. Flowever, 
if the tube is cooled to -20°C, small droplets of 
liquid are observed on the glass walls. What is the 
initial pressure? 

3.119 A cylinder/piston arrangement contains water at 
105°C, 85% quality, with a volume of 1 L. The 
system is heated, causing the piston to rise and en- 
countera linear spring, as shown in Fig. P3.119. At 
this point the volume is 1.5 L, the piston diameter 
is 150 mm, and the spring constant is 100 N/mm. 
The heating continues, so the piston compresses the 
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spring. What is the cylinder temperature when the 
pressure reaches 200 kPa? 



FIGURE P3.119 


3.120 D etermi ne the mass of methane gas stored i n a 2-m 3 
tank at -30°C, 2 M Pa. Estimate the percent error 
in the mass determination if the ideal-gas model is 
used. 

3.121 A cylinder containing ammonia is fitted with a pis- 
ton restrained by an external force that is propor- 
tional to the cylinder volume squared, initial con- 
ditions are 10°C, 90% quality, and a volume of 5 
L. A valveon the cylinder is opened and additional 
ammonia flows into the cylinder until the mass in- 
side has doubled. If at this point the pressure is 1.2 
M Pa, what is the final temperature? 

3.122 A cylinder has a thick piston initially held by a pin, 
as shown in Fig. P.3.122. Thecylindercontai ns car- 
bon dioxide at 200 kPa and ambient temperature of 
290 K . T he metal pi ston has a density of 8000 kg/m 3 
and the atmospheric pressure is 101 kPa. The pin 
is now removed, allowing the piston to move, and 



■6 — 100 mm^ 

FIGURE P3.122 


after a w hi I e the gas returns to ambi ent temperature. 
Is the piston against the stops? 

3.123 What is the percent error in pressure if the ideal- 
gas model is used to represent the behavior of su- 
perheated vapor R-410a at 60°C, 0.03470 m 3 /kg? 
What if the generalized compressibility chart, Fig. 
D.l, is used instead? (Note that iterations are 
needed.) 

3.124 An initially deflated and now flat balloon is con- 
nected by a valve to a 12-m 3 storage tank con- 
taining helium gas at 2 MPa and ambient tem- 
perature, 20°C. The valve is opened and the bal- 
loon is inflated at constant pressure, P 0 = 100 kPa, 
equal to ambient pressure, until it becomes spheri- 
cal at Di = 1 m. If the balloon is larger than this, 
the balloon material is stretched, giving an inside 
pressure of 


P = P 0 + C 


DADi 
D ) D 


The balloon is inflated to a final diameter of 4 m, 
at which point the pressure inside is 400 kPa. The 
temperature remains constant at 20°C. What is 
the maximum pressure inside the balloon at any 
time during the inflation process? What is the pres- 
sure inside the helium storage tank atthistime? 

3.125 A piston/cylinder arrangement, shown in Fig. 
P3.125, contains air at 250 kPa and 300°C. The 
50-kg piston has a diameter of 0.1 m and initially 
pushes against the stops. The atmosphere is at 100 
kPa and 20°C. The cylinder now cools as heat is 
transferred to the ambient surroundings. 

a. At what temperature does the piston begin to 
move down? 

b. Flow far has the piston dropped when the tem- 
perature reaches ambient? 

c. Show the process in a P-v and a T-v diagram. 



FIGURE P3.125 


25 cm 
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L inear I nterpolation 

3.126 Find the pressure and temperature for saturated va- 
por R-410a with v = 0.1 m 3 /kg. 

3.127 Use a linear interpolation to estimate properties of 
ammonia to fill out the table below. 



P[kPa] 

T[°C] 

v[m 3 /kg] x 

a. 

550 


0.75 

b. 

80 

20 


c. 


10 

0.4 


3.128 Use a linear interpolation to estimate T sa t 9t 900 
kPa for nitrogen. Sketch by hand the curve P sat (T) 
by using a few table entries around 900 kPa from 
Table B.6.1. Is your linear interpolation above or 
below the actual curve? 

3.129 Use a double linear interpolation to find the pres- 
sure for superheated R-134a at 13°C with v = 0.3 
m 3 /kg. 


3.130 Find the specific volumefor carbon dioxide at 0°C 
and 625 kPa. 

Computer Tables 

3.131 Usethecomputersoftwaretofind the properties for 
water at the four states in Problem 3.35. 

3.132 Usethecomputersoftwaretofind the properties for 
ammonia at the four states listed in Problem 3.32. 

3.133 Use the computer software to find the properties 
for ammonia at the three states listed in Problem 
3.127. 

3.134 Find the value of the saturated temperature for ni- 
trogen by linear interpolation in Table B.6.1 for a 
pressure of 900 kPa. C om pare thi s to the val ue gi ven 
by the computer software. 

3.135 U sethecomputer software to sketch the variation of 
pressurewith temperaturein Problem 3.44. Extend 
the curve slightly into the single-phase region. 


ENGLISH UNIT PROBLEMS 

E nglish U nit C oncept Problems 

3.136? Cabbage needs to be cooked (boiled) at 250 F. 
W hat pressure should the pressure cooker be set 
for? 

3.137E If I have 1 ft 3 of ammonia at 15 psia, 60 F, what 
is the mass? 

3.138? For water at 1 atm with a quality of 10%, find the 
volume fraction of vapor. 

3.139? Locate the state of R-134a at 30 psia, 20 F. Indi- 
cate in both theP -v and T-v diagrams the location 
of the nearest states listed in Table F.10. 

3.140? Calculate the ideal-gas constant for argon and 
hydrogen based on Table F.l and verify the value 
with Table F.4. 

English Unit Problems 

3.141E Water at 80 F can exist in different phases, de- 
pending on the pressure. Give the approximate 
pressure range in lbf/in . 2 for water in each of the 
three phases: vapor, liquid, or solid. 

3.142? A substance is at 300 lbf/in. 2 , 65 F in a rigid tank. 
Using only the critical properties, can the phase 
of the mass be determined if the substance is ni- 
trogen, water, or propane? 


3.143 Determine the missing property (of P, T, v, and 
x if applicable) for water at 

a. 680 psia, 0.03 ft 3 /lbm 

b. 150 psia, 320 F 

c. 400 F, 3 ft 3 /lbm 

3.144? D etermi ne w hether water at each of the f ol I ow i ng 
states is a compressed liquid, a superheated vapor, 
ora mixture of saturated liquid and vapor. 

a. 2 lbf/in. 2 , 50 F 

b. 270 F, 30 lbf/in . 2 

c. 160 F, 10 ft 3 /lbm 

3.145 Give the phase and the missing property of P ,T , 
v, and xfor R-134a at 

a. T = —10 F, P = 18 psia 

b. P =40 psia, v = 1.3 ft 3 /lbm 

3.146? Give the phase and the missing property of P ,T , 
v, and xfor ammonia at 

a. T = 120 F, v = 0.9 ft 3 /lbm 

b. T = 200 F, v = 11 ft 3 /lbm 

3.147E Give the phase and the specific volume for the 
following: 

a. R-410a, T =-25 F, P =30 lbf/in . 2 

b. R-410a, T = -25 F, P =40 lbf/in . 2 

c. H 2 0,T = 280 F, P =35 lbf/in . 2 

d. N H 3 , T =60 F, P = 15 lbf/in . 2 
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3.148 D etermi ne the specific volumeforR -410a at these 
states: 

a. 5 F, 75 psia 

b. 70 F, 200 psia 

c. 70 F, quality 25% 

3.149 Give the specific volume of R-410a at 0 F for 
70 psia and repeat for 60 psia. 

3.150E Saturated liquid water at 150 F is put under pres- 
sure to decrease the volume by 1% while keeping 
the tern peratu re co nstant. To w hat pressu re sho u I d 
it be compressed? 

3.151 A sealed rigid vessel has volume of 35 ft 3 and 
contains 2 Ibm of water at 200 F. The vessel is 
now heated. If a safety pressure valve is installed, 
at what pressure should the valve be set to have a 
maximum temperature of 400 F? 

3.152 You want a pot of water to boil at 220 F. Flow 
heavy a lid should you put on the 6-in. -diameter 
pot when P atm = 14.7 psia? 

3.153 Saturated water vapor at 200 F has its pressure 
decreased to increase the volume by 10%, keep- 
ing the temperature constant. To what pressure 
should it be expanded? 

3.154 A glass jar is filled with saturated water at 300 F 
and quality 25%, and a tight lid is put on. Now 
it is cooled to 10 F. W hat is the mass fraction of 
so I i d at th i s tern peratu re? 

3.155k A boiler feed pump delivers 100 ft 3 /min of wa- 
ter at 400 F, 3000 lbf/in. 2 What is the mass 
flowrate (lbm/s)? W hat would be the percent er- 
ror if the properties of saturated liquid at 400 F 
were used in the calculation? What if the prop- 
erties of saturated liquid at 3000 lbf/in. 2 were 
used? 

3.156 A pressure cooker has the lid screwed on tight. 
A small opening with A = 0.0075 in. 2 is covered 
with a petcock that can be lifted to let steam es- 
cape. Flow much mass should the petcock have to 
allow boiling at 250 F with an outside atmosphere 
of 15 psia? 

3.157E Two tanks are connected together as shown in 
Fig. P3.52, both containing water. Tank A is at 
30 lbf/in. 2 , v = 8 ft 3 /lbm, 1/ = 40 ft 3 , and tank B 
contains 8 Ibm at 80 lbf/in. 2 , 750 F. The valve is 
now opened, and the two come to a uniform state. 
Find the final specific volume. 


3.158R A steel tank contains 14 Ibm of propane (liquid + 
vapor) at 70 F with a volumeof 0.25 ft 3 . The tank 
is now slowly heated. Will the liquid level inside 
eventually rise to the top or drop to the bottom of 
the tank? W hat if the initial mass is 2 Ibm instead 
of 14 Ibm? 

3.159k Give the phase and the specific volume for the 
following: 

a. C0 2 , T = 510 F, P = 75 lbf/in. 2 

b. Air, T = 68 F, P = 2 atm 

c. Ar, T = 300 F, P =30 lbf/in. 2 

3.160E A cylindrical gas tank 3 ft long, with an inside 
diameter of 8 in., is evacuated and then filled 
with carbon dioxide gas at 77 F. To what pres- 
sure should it be charged if there should be 2.6 
Ibm of carbon dioxide? 

3.161E A spherical helium balloon 30 ft in diameter is at 
ambient T and P, 60 F and 14.69 psia. Flow much 
helium does it contain? It can lift a total mass 
that equals the mass of displaced atmospheric air. 
Flow much mass of the balloon fabric and cage 
can then be lifted? 

3.162k Flelium in a steel tank is at 36 psia, 540 R with a 
volume of 4 ft 3 . It is used to fill a balloon. When 
the pressure drops to 20 psia, the flow of helium 
stops by itself. If all the helium is still at 540 R, 
how big a balloon is produced? 

3.163G A 35-ft 3 rigid tank has propane at 15 psia, 540 R 
and is connected by a valve to another tank of 20 
ft 3 with propane at 40 psia, 720 R . The valve is 
opened and the two tanks come to a uniform state 
at 600 R. What is the final pressure? 

3.164k W hat is the percent error in specific volume if the 
ideal-gas model is used to represent the behav- 
ior of superheated ammonia at 100 F, 80 lbf/in. 2 ? 
What if the generalized compressibility chart, 
Fig. D.l, is used instead? 

3.165E Air in an internal-combustion engine has 440 F, 
150 psia, with a volumeof 3 ft. Combustion heats 
it to 2700 R in a constant-volume process. What 
is the mass of air, and how high does the pressure 
become? 

3.166E A 35-ft 3 rigid tank has air at 225 psia and ambient 
600 R connected by a valve to a piston/cylinder. 
The piston of area 1 ft 2 requires 40 psia below it 
to float (see Fig. P3.166E). The valve is opened, 
the piston moves slowly 7 ft up, and the valve 
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isclosed. During the process, air temperature re- 
mains at 600 R. W hat is the final pressure in the 
tank? 
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FIGURE P3.166E 


3.167E Give the phase and the missing properties of P , 
T , v, and x. These may be a little more difficult to 
determine if the appendix tables are used instead 
of the software. 

a. R-410a, T = 50 F, v = 0.4 ft 3 /lbm 

b. H 2 0, v = 2ft 3 /lbm,x = 0.5 

c. H 2 O ; T = 150 F, v = 0.01632 ft 3 /lbm 

d. NH 3 ,T = 80 F ,P — 13 lbf/in. 2 

e. R-134a, v = 0.08 ft 3 /lbm, x = 0.5 


3.168E A pressure cooker (closed tank) contains water 
at 200 F, with the liquid volume being l/10th of 
the vapor volume, it is heated until the pressure 
reaches 300 lbf/in. 2 Find the final temperature. 
FI as the final state more or less vapor than the 
initial state? 

3.169E Refrigerant-410a in a piston/cylinder arrange- 
ment is initially at 60 F, x— 1. It is then expanded 
in a process so that P = Cv -1 to a pressure of 
30 lbf/in. 2 Find the final temperature and specific 
volume. 

3.170E A substance is at 70 F, 300 lbf/in. 2 in a 10-ft 3 
tank. Estimate the mass from the compressibility 
chart if the substance is (a) air, (b) butane, or (c) 
propane. 

3.171 Determine the mass of an ethane gas stored in a 
25-ft 3 tank at 250 F, 440 lbf/in. 2 using the com- 
pressibility chart. Estimate the error (%) if the 
ideal -gas model is used. 

3.172 Determine the pressure of R-410a at 100 F, v = 
0.2 ft 3 /lbm using ideal gas and the van der Waal 
EOS. 

3.173E Determine the pressure of R-410aatl00F, v = 0.2 
ft 3 /lbm using ideal gas and the Redlich-K wong 
EOS. 


COMPUTER, DESIGN AND OPEN-ENDED PROBLEMS 


3.174 M ake a spreadsheet that will tabulate and plot sat- 
urated pressure versus temperature for ammonia 
starting at T = -40°C and ending at the critical 
point in steps of 10°C. 

3.175 M ake a spreadsheet that will tabulate and plot val- 
ues of P andT alongaconstantspecificvolumeline 
for water. The starting state is 100 kPa, the quality 
is 50%, and the ending state is 800 kPa. 

3.176 U sethecomputer software to sketch the variation of 
pressure with temperature in Problem 3.58. Extend 
the curve a little into the single-phase region. 

3.177 Using the com puter software, fi nd a f ew of the states 
between the beginning and end states and show the 
variation of pressure and temperature as a function 
of volume for Problem 3.114. 

3.178 In Problem 3.112 follow the path of the process 
for the R -410a for any state between the initial and 
final states inside the cylinder. 


3.179 For any specified substance in Tables B.l-B. 7, fit a 
polynomial equation of degreen to tabular data for 
pressure as a function of density along any given 
isotherm in the superheated vapor region. 

3.180 The refrigerant fluid in a household refrigerator 
changes phase from liquid to vapor at the low tem- 
perature in the refrigerator. It changes phase from 
vaporto liquid at the higher temperature in the heat 
exchanger that gives the energy to the room air. 
M easure or otherwise estimate these temperatures. 
Based on these temperatures, make a table with the 
refrigerant pressures for the refrigerants for which 
tables are available in Appendix B. Discuss the re- 
sults and the requirements for a substance to be a 
potential refrigerant. 

3.181 Repeat the previous problem for refrigerants listed 
inTableA.2and use the compressibility chart, Fig. 
D.l, to estimate the pressures. 
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3.182 Saturated pressure as a function of temperature fol- 
lows the correlation developed by Wagner as 

In P r = [wit + 1/1/2T 1 ' 5 + 1/1/3T 3 + w/ 4 r 6 ] / T r 

where the reduced pressure and temperature are 
P r = P/P c andT r = T/T C , The temperature variable 
isr = 1 — T r . The parameters are found for R-134a 
as 


LVi W 2 W3 W 4 

R-134a -7.59884 1.48886 -3.79873 1.81379 


Compare this correlation to the table in Appen- 
dix B. 


3.183 F i nd the constants i n the curve fit for the saturation 
pressure using Wagner's correlation, as shown in 
the previous problem for water and methane. Find 
other correlations in the literature, compare them 
to the tables, and give the maximum deviation. 

3.184 The specific volume of saturated liquid can be ap- 
proximated by the Rackett equation as 

'" = ^ z ; : » = 1 + ( i-r,)« 

with the reduced temperature, T r = T/T c , and the 
compressibility factor, Z c = P c v c IRT c . Using val- 
ues from Table A .2 with the critical constants, com- 
pare the formula to the tables for substances where 
the saturated specific volume is available. 


Work and Heat 


In this chapter we consider work and heat. It is essential for the student of thermodynamics 
to understand clearly the definitions of both work and heat, because the correct analysis of 
many thermodynamic problems depends on distinguishing between them. 

Work and heat are energy in transfer from one system to another and thus play a crucial 
role in most thermodynamic systems or devices. To analyze such systems, we need to model 
heat and work as functions of properties and parameters characteristic of the system or the 
way it functions. An understanding of the physics involved allows us to construct a model 
for heat and work and use the result in our analysis of energy transfers and changes, which 
we will do with the first law of thermodynamics in Chapter 5. 

To facilitate understanding of the basic concepts, we present a number of physical 
arrangements that will enable us to express the work done from changes in the system during 
a process. We also examine work that is the result of a given process without describing 
in detail how the process physically can be made to occur. This is done because such a 
description is too complex and involves concepts that have not been covered so far, but at 
least we can examine the result of the process. 

Heat transfer in different situations is a subject that usually is studied separately. 
However, a very simple introduction is beneficial so that the concept of heat transfer does 
not become too abstract and so that it can be related to the processes we examine. Heat 
transfer by conduction, convection (flow), and radiation is presented in terms of very simple 
models, emphasizing that it is driven by a temperature difference. 


4.1 DEFINITION OF WORK 


Work is usually defined asaforcef acting through a displacementx, where the displacement 
is in the direction of the force. That is, 



(4.1) 


This is a very useful relationship because it enables us to find the work required to raise a 
weight, to stretch a wire, or to move a charged particle through a magnetic field. 

However, when treating thermodynamics from a macroscopic point of view, it is 
advantageous to link the definition of work with the concepts of systems, properties, and 
processes. We therefore define work as follows: Work is done by a system if the sole effect 
on the surroundings (everything external to the system) could be the raising of a weight. 
Notice that the raising of a weight is in effect a force acting through a distance. Notice also 
that our definition does not state that a weight was actually raised or that a force actually 
acted through a given distance, but only that the sole effect external to the system could be 
90 
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FIGURE 4.1 Example 
of work crossing the 
boundary of a system. 



boundary 


the raising of a weight. Work done by a system is considered positive and work done on a 
system is considered negative. The symbol 1/1/ designates the work done by a system. 

In general, work is a form of energy in transit, that is, energy being transferred across 
a system boundary. The concept of energy and energy storage or possession was discussed 
in detail in Section 2.6. Work is the form of energy that fulfills the definition given in the 
preceding paragraph. 

Let us illustrate this definition of work with a few examples. Consider as a system the 
battery and motor of Fig. 4.1a, and let the motor drive a fan. Does work cross the boundary 
of the system? To answer this question using the definition of work given earlier, replace 
the fan with the pulley and weight arrangement shown in Fig. 4.1b. As the motor turns, the 
weight is raised, and the sole effect external to the system is the raising of a weight. Thus, 
for our original system of Fig. 4.1a, we conclude that work is crossing the boundary of the 
system, since the sole effect external to the system could be the raising of a weight. 

Let the boundaries of the system be changed now to include only the battery shown 
in Fig. 4.2. Again we ask, does work cross the boundary of the system? To answer this 
question, we need to ask a more general question: Does the flow of electrical energy across 
the boundary of a system constitute work? 

The only limiting factor when the sole external effect is the raising of a weight is 
the inefficiency of the motor. Flowever, as we design a more efficient motor, with lower 
bearing and electrical losses, we recognize that we can approach a certain limit that meets 
the requirement of having the only external effect be the raising of a weight. Therefore, we 
can conclude that when there is a flow of electricity across the boundary of a system, as in 
Fig. 4.2, it is work. 


Example 

of work crossing the 
boundary of a system 
because of an electric 
current flow across the 
system boundary. 
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4.2 


UNITS FOR WORK 


As already noted, work done by a system, such as that done by a gas expanding against a 
piston, is positive, and work done on a system, such as that done by a piston compressing 
a gas, is negative. Thus, positive work means that energy leaves the system, and negative 
work means that energy is added to the system. 

Our definition of work involves raising of a weight, that is, the product of a unit force 
(one newton) acting through a unit distance (one meter). This unit for work in SI units is 
called the mule (j ). 


1J = IN m 

Power is the time rate of doing work and is designated by the symbol 1/1/ : 


The unit for power is a rate of work of one joule per second, which is a watt (W ): 

1W = lj/s 

A familiar unit for power in English units is the horsepower (hp), where 

lhp = 550 ft Ibf/s 

Note that the work crossing the boundary of the system in Fig. 4.1 is that associated 
with a rotating shaft. To derive the expression for power, we use the differential work from 
Eq. 4.1: 

<5 1/1/ = F dx = F r do = T de 


that is, force acting through a distance dx or a torque (T = Fr ) acting through an angle of 
rotation, as shown in Fig. 4.3. Now the power becomes 


W = 


51/1/ _ dx 
W~ F dt 


= F V = 



= T co 


(4.2) 


that is, force times rate of displacement (velocity) or torque times angular velocity. 

It is often convenient to speak of the work per unit mass of the system, often termed 
specific w/orAr. This quantity is designated w and is defined as 


1 / 1 / 
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In-Text Concept Questions 

a. The electric company charges the customers per kW-hour. W hat is that is SI units? 

b. Torque, energy, and work have the same units (N m). Explain the diference. 


4.3 


WORK DONE AT THE MOVING BOUNDARY 
OF A SIMPLE COMPRESSIBLE SYSTEM 



FIGURE 4.4 

Example of work 
done at the moving 
boundary of a system 
in a quasi-equilibrium 
process. 


We have already noted that there a re a variety of ways in which work can be done on or by a 
system. These include work done by a rotating shaft, electrical work, and work done by the 
movement of the system boundary, such as the work done in moving the piston in a cylinder. 
In this section we will consider in some detail the work done at the moving boundary of a 
simple compressible system during a quasi-equilibrium process. 

Consider as a system the gas contained in a cylinder and piston, as in Fig. 4.4. Remove 
one of the small weights from the piston, which will cause the piston to move upward a 
distanced/.. We can consider this quasi-equilibrium process and calculate the amount of 
work 1/1/ done by the system during this process. The total force on the piston is PA, where 
P is the pressure of the gas and A is the area of the piston. Therefore, the work <51/1/ is 

SW = PA dL 

But4 dL — d V , the change in volume of the gas. Therefore, 

<51/1/ = P dV (4.3) 

The work done at the moving boundary during a given quasi-equilibrium process can be 
found by integrating Eq. 4.3. However, this integration can be performed only if we know 
the relationship between P and V during this process. This relationship may be expressed 
as an equation, or it may be shown as a graph. 

Let us consider a graphical solution first. We use as an example a compression process 
such as occurs during the compression of air in a cylinder, Fig. 4.5. At the beginning of the 
process the piston is at position 1, and the pressure is relatively low. This state is represented 


FIGURE 4.5 Use of a 

P-V diagram to show 
work done at the moving 
boundary of a system in 
a quasi-equilibrium 
process. 
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FIGURE 4.6 Various 
quasi-equilibrium 
processes between two 
given states, indicating 
that work is a path 
function. 


on a pressure- volume diagram (usually referred to as a P-V diagram). At the conclusion 
of the process the piston is in position 2, and the corresponding state of the gas is shown at 
point 2 on the P-V diagram. Let us assume that this compression was a quasi-equi librium 
process and that during the process the system passed through the states shown by the line 
connecting states 1 and 2 on the P-V diagram. The assumption of a quasi-equilibrium 
process is essential here because each pointon line 1-2 represents a definite state, and these 
states correspond to the actual state of the system only if the deviation from equilibrium is 
infinitesimal. The work done on the air during this compression process can be found by 
integrating Eq. 4.3: 



(4.4) 


The symbol 1 I/I /2 is to be interpreted as the work done during the process from state 1 to 
state 2. It is clear from the P-V diagram that the work done during this process, 



is represented by the area under curve 1-2, area a-l-2-b-a. In this example the volume 
decreased, and area a-l-2-b-a represents work done on the system. If the process had 
proceeded from state 2 to state 1 along the same path, the same area would represent work 
done by the system. 

Further consideration of a P-V diagram, such as Fig. 4.6, leads to another important 
conclusion. It is possible to go from state 1 to state 2 along many different quasi -equilibrium 
paths, such as A, B, or C . Since the area under each curve represents the work for each 
process, the amount of work done during each process not only is a function of the end 
states of the process but al so depends on the path fol lowed i n goi ng from one state to another. 
For this reason, work is cal led a path function or, in mathematical parlance, <51/1/ is an inexact 
differential. 

This concept leads to a brief consideration of point and path functions or, to use 
other terms, exact and inexact differentials. Thermodynamic properties are point functions, 
a name that comes from the fact that for a given point on a diagram (such as Fig. 4.6) or 
surface (such as Fig. 3.18) the state is fixed, and thus there is a definite valuefor each property 
corresponding to this point. The differentials of point functions are exact differentials, and 
the integration is simply 


FIGURE 4.6 Various 
quasi-equilibrium 
processes between two 
given states, indicating 
that work is a path 
function. 
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Thus, we can speak of the volume in state 2 and the volume in state 1, and the change 
in volume depends only on the initial and final states. 

Work, however, is a path function, for, as has been indicated, the work done in a 
quasi-equilibrium process between two given states depends on the path followed. The 
differentials of path functions are inexact differentials, and the symbol <5 will be used in this 
book to designate inexact differentials (in contrast to d for exact differentials). Thus, for 
work, we write 


J <51/1/ = 1 l/l/ 2 

it would be more precise to use the notation \H u, which would indicate the work 
done during the change from state 1 to state 2 along path A. However, the notation il/l/ 2 
indicates that the process between states 1 and 2 has been specified. Note that we never 
speak about the work in the system in state 1 or state 2, and thus we never write 1/1/ 2 - 1/1/ i. 

In evaluating the integral of Eq. 4.4, we should always keep in mind that we wish to 
determine the area under the curve in Fig. 4.6. In connection with this point, we identify 
the following two classes of problems: 

1. Therelationship between P andl/ is given in terms of experimental data or in graphical 
form (as, for example, the trace on an oscilloscope). Therefore, we may evaluate the 
integral, Eq. 4.4, by graphical or numerical integration. 

2 . The relationship between P and V makes it possible to fit an analytical relationship 
between them. We may then integrate directly. 

Onecommonexampleof this second typeof functional relationship is a process cal led 

a polytropic process, one in which 


PV n = constant 

throughout the process. The exponent/! may be any value from -oo to +oo, depending on 
the process. For this type of process, we can integrate Eq. 4.4 as follows: 


PV n = constant = Pit/" = P 2 t/ 2 n 
constant P\V" P 2 1/ 2 " 


P = 


V n 


V r 


V n 


f 


P d V — constant 


" 2 d v /v ~ n+1 

— = constant 


f d V 
Ji \r~' 


V-n + l 


^ pdl/= constant 

Ji l~n 

P 2 V 2 -P 1 V 1 

1-n 


v!~ n ) 


P 2 V 2 n V 2 1 ~ n - PiV 1 n V 1 J 


n\/ 1-n 


(4.5) 


Note that the resulting equation, Eq. 4.5, is valid for any exponent/! except/! = 1. Where 
n = 1, 


P V — constant = Pjl/i = P 2 V 2 
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and 


[ p dv = 


d V 


V 2 


P dV = P il/i / — = PiVi In -f 


V 


Vi 


(4.6) 


Note that in Eqs. 4.5 and 4.6 we did not say that the work is equal to the expressions 
given in these equations. These expressions give us the value of a certain integral, that is, 
a mathematical result. Whether or not that integral equals the work in a particular process 
depends on the result of a thermodynamic analysi s of that process. 1 1 i s i mportant to keep the 
mathematical result separate from the thermodynamic analysis, for there are many situations 
in which work is not given by Eq. 4.4. 

The polytropic process as described demonstrates one special functional relationship 
between P and V during a process. There are many other possible relations, some of which 
will be examined in the problems at the end of this chapter. 


EXAMPLE 4.1 


Gas 


FIGURE 4.7 

Sketch for 
Example 4.1 . 


Consider as a system the gas in the cylinder shown in Fig. 4.7; the cylinder is fitted with 
a piston on which a number of small weights are placed. The initial pressure is 200 kPa, 
and the initial volume of the gas is 0.04 m 3 . 

a. Let a Bunsen burner be placed under the cylinder, and let the volume of the gas increase 
to 0.1 m 3 while the pressure remains constant. Calculate the work done by the system 
during this process. 

1 W 2 = I P dV 


1 


Since the pressure is constant, we conclude from Eq. 4.4 that 


iW 2 = P d V = P (V 2 - Vi) 


k 


jl/l /2 = 200 kPa x (0.1 - 0.04)m 3 = 12.0 kj 

b. Consider the same system and initial conditions, but at the same time that the Bunsen 
burner is under the cylinder and the piston is rising, remove weights from the piston at 
such a rate that, duri ng the process, the temperature of the gas remai ns constant. 

If we assume that the ideal -gas model is valid, then, from Eq. 3.5, 

PV = mRT 

We note that this is a polytropic process with exponent n = 1. From our analysis, we 
conclude that the work is given by Eq. 4.4 and that the integral in this equation is given 
by Eq. 4.6. Therefore, 


W 2 = / P d V = PiVi In ^ 

V 1 


-L 


0.10 


= 200 kPa X 0.04 m 3 x In — = 7.33 kj 

0.04 
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c. Consider the same system, but during the heat transfer remove the weights at such 
a rate that the expression PV 13 = constant describes the relation between pressure 
and volume during the process. Again, the final volume is 0.1 m 3 . Calculate the 
work. 

This is a polytropic process in which n = 1.3. Analyzing the process, we conclude 
again that the work is given by Eq. 4. 4 and that the integral i s given by Eq. 4.5. Therefore, 



= 6.41 kj 


d. Consider the system and the initial state given in the first three examples, but let the 
piston be held by a pin so that the volume remains constant. In addition, let heat 
be transferred from the system until the pressure drops to 100 kPa. Calculate the 
work. 

Since <51/1/ =P d V foraquasi-equilibrium process, thework iszero, because there 
is no change in volume. 


The process for each of the four examples is shown on theP-l/ diagram of Fig. 4.8. 
Process l-2a is a constant-pressure process, and area l-2a-f-e-l represents the work. 
Similarly, line 1-2 b represents the process in which PV = constant, line l-2c the process 
in which PV 13 — constant, and line 1- 2d theconstant-volume process. The student should 
compare the relative areas under each curve with the numerical results obtained for the 
amounts of work done. 


p 


FIGURE 4.8 p-v 

diagram showing work 
done in the various 
processes of Example 
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EXAMPLE 4.2 


Consider a slightly different piston/cylinder arrangement, as shown in Fig. 4.9. In this 
example the piston is loaded with a mass m p , the outside atmosphere P 0 , a linear spring, 
and a single point force F i. The piston traps the gas inside with a pressure P. A force 
balance on the piston in the direction of motion yields 

m P a = ° = E F t~E F f 

with a zero acceleration in a quasi-equilibrium process. The forces, when the spring is in 
contact with the piston, are 

E F t = PA , E F t = m e9 + PoA+k s (x-x 0 ) + fi 

with the linear spring constant, k s . The piston position for a relaxed spring is x 0 , which 
depends on how the spring is installed. The force balance then gives the gas pressure by 
division with area A as 


P = p 0 + [m p g + F i + k s (x - x 0 )]/A 

To illustrate the process in aP-V diagram, the distance x is converted to volume by 
division and multiplication with A: 

P = Po+ n lA + F l + l ^(v - Vo )=C 1 + C 2 V 

This relation gives the pressure as a linear function of the volume, with the line 
having a slope of C 2 = k s /A 2 . Possible values of P and V are as shown in Fig. 4.10 for 
an expansion. Regardless of what substance is inside, any process must proceed along the 
line in the P-V diagram. The work term in a quasi-equilibrium process then follows as 

i IA/ 2 = P dV = area under the process curve 
1 W 2 = \{Pi + P2){V 2 -Vi) 

For a contraction instead of an expansion, the process would proceed in the opposite 
direction from the initial point 1 along a line of the same slope shown in Fig. 4.10. 



I s 


Sketch of the physical system for Example 4.2. 
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EXAMPLE 4.3 


p 



FIGURE 4.10 The process curve 
showing possible P-V combinations 
for Example 4.2. 


The cylinder/piston setup of Example 4.2 contains 0.5 kg of ammonia at -20°C with 
a quality of 25%. The ammonia is now heated to +20°C, at which state the volume 
is observed to be 1.41 times larger. Find the final pressure and the work the ammonia 
produced. 

Solution 

The forces acting on the piston, the gravitation constant, the external atmosphere at con- 
stant pressure, and the linear spring give a linear relation between P and v(V). 

State 1: (T i, Xi) from Table B. 2.1 
P 1 = p sat = 190.2 kPa 

Vl = v f + x 1 v fg = 0.001 504 + 0.25 x 0.621 84 = 0.156 96 m 3 /kg 

State 2: ( T 2 , v 2 = 1.41 Vi = 1.41 x 0.156 96 = 0.2213 m 3 /kg) 

Table B. 2. 2 state very close to P 2 = 600 kPa 

Process : P = C 2 + C 2 v 

The work term can now be integrated, knowing P versus v, and can be seen as the area in 
the P-v diagram, shown in Fig. 4.11. 

iW 2 = j P dV — Pm dv = area = (Pi + P 2 )(v 2 - v{) 

= 0.5 kg ^ (190.2 + 600) kPa (0.2213 - 0.156 96) m 3 /kg 


= 12.71 kj 
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Diagrams for Example 4.3. 


EXAM PL The piston/cylinder setup shown in Fig. 4.12 contains 0.1 kg of water at 1000 kPa, 500°C. 

The water is now cooled with a constant force on the piston until it reaches half the initial 
volume. After this it cools to 25°C while the piston is against the stops. Find the final water 
pressure and the work in the overall process, and show the process in a P-v diagram. 

Solution 

We recognize that this is a two-step process, one of constant P and one of constant V . This 
behavior is dictated by the construction of the device. 


State 1: ( P,T ) From Table B. 1.3; Vi = 0.354 11 m 3 /kg 

P rocess 1- la: P = constant = F /A 

la-2: v — constant = v ia = v 2 — Vi/2 
State 2: (T, v 2 = vJ2 = 0.177 06 m 3 /kg) 


From Table B. 1.1, v 2 < v g , so the state is two phase and P 2 = P S at = 3.169 kPa. 

1 l/l/ 2 = P dV = m P dv = mPi(vi a - v 2 ) + 0 

= 0.1 kg x 1000 kPa (0.177 06 - 0.345 11) m 3 /kg = -17.7 kj 
Note that the work donefrom la to 2 iszero (no changein volume), as shown in Fig. 4.13. 



Sketch for Example 4.4. 
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FIGURE 4.13 

Diagrams for Example 
4 . 4 . 


EXAMPLE 4.5 


p 0 



p i 


FIGURE 4.14 

Example of a 
nonequilibrium process. 




In this section we have discussed boundary movement work in a quasi-equilibrium 
process. We should also realize that there may very well be boundary movement work in 
a nonequilibrium process. Then the total force exerted on the piston by the gas inside the 
cylinder, PA, does not equal the external force, F & t , and the work is not given by Eq. 4.3. 
The work can, however, be evaluated in terms of Text or, dividing by area, an equivalent 
external pressure, Pext- The work done at the moving boundary in this case is 

SW = F ext dL = P ext dV (4.7) 

Evaluation of Eq. 4.7 in any particular instance requires a knowledge of how the external 
force or pressure changes during the process. 


Consider the system shown in Fig. 4.14, in which the piston of massm p is initially held in 
place by a pin. The gas inside the cylinder is initially at pressure Pi and volume I/!. W hen 
the pin is released, the external force per unit area acting on the system (gas) boundary is 
comprised of two parts: 

Pext = F ext /A = Po + m p g/A 

Calculate the work done by the system when the piston has come to rest. 

After the piston isreleased, thesystem isexposed to the boundary pressure equal to 
Pext, which dictates the pressure insidethesy stem, asdiscussed in Section 2.8 in connection 
with Fig. 2.9. We further note that neither of the two components of this external force will 
change with a boundary movement, si nee the cylinder is vertical (gravitational force) and 
the top is open to the ambient surroundings (movement upward merely pushes the air out 
of the way). If the initial pressure Pi is greater than that resisting the boundary, the piston 
will move upward at a finite rate, that is, in a nonequilibrium process, with the cylinder 
pressure eventually coming to equilibrium at the value P ex t- If we were able to trace the 
average cylinder pressure as a function of time, it would typically behave as shown in 
Fig. 4.15. Flowever, the work done by the system during this process is done against the 
force resisting the boundary movement and is therefore given by Eq. 4.7. Also, si nee the 
external force is constant during this process, the result is 

iW 2 = J%^dV = PextO/2 — V,) 

where V 2 is greater than l/i, and the work done by the system is positive. If the initial 
pressure had been less than the boundary pressure, the piston would have moved downward, 
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P 



FIGURE 4.15 

Cylinder pressure as a 
function of time. 


compressing the gas, with the system eventually coming to equilibrium at P ext. at a volume 
less than the initial volume, and the work would be negative, that is, done on the system 
by its surroundings. 


In-Text Concept Questions 


c. What is roughly the relative magnitude of the work in process 1- 2c versus process 
l-2a shown in Fig. 4.8? 

d. Helium gas expands from 125 kPa, 350 K, and 0.25 m 3 to 100 kPa in a polytropic 
process with n = 1.667. Is the work positive, negative, or zero? 

e. An ideal gas goes through an expansion process in which the volume doubles. Which 
process will lead to the larger work output: an isothermal process or a polytropic 
proces with n = 1.25? 


4.4 OTHER SYSTEMS THAT INVOLVE WORK 


In the preceding section we considered the work done at the moving boundary of a sim- 
ple compressible system during a quasi-equilibrium process and during a nonequilibrium 
process. There are other types of systems in which work is done at a moving boundary. In 
this section we briefly consider three such systems: a stretched wire, a surface film, and 
electrical work. 

C onsi der as a system a stretched w i re that i s under a gi ven tensi on 2T. W hen the I ength 
of the wire changes by the amount dL, the work done by the system is 


51 / 1 / = -ST dL 


(4.8) 


The minus sign is necessary because work is done by the system when dL is negative. This 
equation can be integrated to have 


FIGURE 4.15 

Cylinder pressure as a 
function of time. 



(4.9) 


The integration can be performed either graphi cal ly or analyti cal ly if therelation between 2T 
and! is known. The stretched wireisasimpleexampleof the type of problem in solid-body 
mechanics that involves the calculation of work. 
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EXAMPLE 4.6 A metallic wire of initial length L 0 is stretched. Assuming elastic behavior, determine the 
work done in terms of the modulus of elasticity and the strain. 

Let cr = stress, e = strain, and E = the modulus of elasticity. 


Therefore, 



2T = AEe 


From the definition of strain, 


Therefore, 


de 


... 

L o 


S\ N = -2TdL = - AEeLode 

W=-AEL 0 f ede — - A EL ° (e) 2 

Je = o 2 

Now consider a system that consists of a liquid film with a surface tension A 
schematic arrangement of such a film, maintained on a wireframe, one side of which can 
be moved, is shown in Fig. 4.16. When the area of the film is changed, for example, by 
sliding the movable wire along the frame, work is done on or by the film. When the area 
changes by an amount dA, the work done by the system is 

51/1/ = —if dA (4.10) 

For finite changes, 

1 W 2 = -J^&’dA (4.11) 

We have already noted that electrical energy flowing across the boundary of a system 
is work. We can gain further insight into such a process by considering a system in which 
the only work mode is electrical. Examples of such a system include a charged condenser, 
an electrolytic cell, and the type of fuel cell described in Chapter 1. Consider a quasi- 
equilibrium process for such a system, and during this process let the potential difference 
be % and the amount of electrical charge that flows into the system bedZ. For this quasi - 
equilibrium process the work is given by the relation 

m =-%dZ (4.12) 


FIGURE 4.16 

Schematic arrangement 
showing work done on a 
surface film. 


Wire frame 



Film 
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Since the current, i, equals dZ/dt (where t = time), we can also write 

< 51/1 1 = -%i dt 

! 1/1/ 2 = — J *%i dt (4.13) 

Equation 4.13 may also be written as a rate equation for work (power): 

W = ^- = -%i (4.14) 

dt 

Since the ampere (electric current) is one of the fundamental units in the International 
System and the watt was defined previously, this relation serves as the definition of the 
unit for electric potential, the It (V), which is one watt divided by one ampere. 


4.5 


CONCLUDING REMARKS REGARDING WORK 


The similarity of the expressions for work in the three processes discussed in Section 4.4 
and in the processes in which work is done at a moving boundary should be noted. In each 
of these quasi -equilibrium processes, work is expressed by the integral of the product of an 
intensive property and the change of an extensive property. The foil owing is a summary list 
of these processes and their work expressions: 


Simple compressible system 

1 H/2 = 

l 

Stretched wire 

i w 2 = 

-iy« L 

Surface film 

1 1/1/2 = 

-f'ifdA 

System in which the work is completely electrical 

1 H/2 = 

- j\dZ (4.15) 


Although we will deal primarily with systems in which there is only one mode of 
work, it is quite possible to have more than one work mode in a given process. Thus, we 
could write 


SW = P dV -3~dL -ifdA -%dZ + ••• (4.16) 

where the dots represent other products of an intensive property and the derivative of a 
related extensive property. In each term the intensive property can be viewed as the driving 
force that causes a change to occur in the related extensive property, which is often termed 
the displacement, J ust as we can derive the expression for power for the single point force 
in Eq. 4.2, the rate form of Eq. 4.16 expresses the power as 

1/1/ = = PV — 2TV - -%Z -\ (4.17) 

dt 

It should also be noted that many other forms of work can be identified in processes 
that are not quasi-equilibrium processes. For example, there is the work done by shearing 
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FIGURE 4.17 

Example of a process 
involving a change of 
volume for which the 
work is zero. 



forces in the friction in a viscous fluid or the work done by a rotating shaft that crosses the 
system boundary. 

The identification of work is an important aspect of many thermodynamic problems. 
We have already noted that work can be identified only at the boundaries of the system. For 
example, consider Fig. 4.17, which shows a gas separated from the vacuum by a membrane. 
Let the membrane rupture and the gas fill the entire volume. Neglecting any work associated 
with the rupturing of the membrane, we can ask whether work is done in the process. If we 
take as our system the gas and the vacuum space, we readily conclude that no work is done 
because no work can be identified at the system boundary. If we take the gas as a system, we 
do have a change of vol ume, and we might be tempted to cal culate the work from the i ntegral 

[ PdV 

Flowever, this is not a quasi-equilibrium process, and therefore the work cannot be 
calculated from this relation. Because there is no resistance at the system boundary as the 
volume increases, we conclude that for this system no work is done in this process of filling 
the vacuum. 

Another example can be cited with the aid of Fig. 4.18. In Fig. 4.18a the system 
consists of the container plus the gas. Work crosses the boundary of the system at the point 
where the system boundary intersects the shaft, and this work can be associated with the 
shearing forces in the rotating shaft. In Fig. 4.18b the system includes the shaft and the 
weight as well as the gas and the container. Therefore, no work crosses the system boundary 
as the weight moves downward. As we will see in the next chapter, we can identify a change 
of potential energy within the system, but this should not be confused with work crossing 
the system boundary. 


FIGURE 4.18 

Example showing how 
selection of the system 
determines whether work 
is involved in a process. 
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4.6 


DEFINITION OF HEAT 


The thermodynamic definition of heat is somewhat different from the everyday understand- 
ing of the word, it is essential to understand clearly the definition of heat given here, because 
it plays a part in many thermodynamic problems. 

If a block of hot copper is placed in a beaker of cold water, we know from experience 
that the block of copper cools down and the water warms up until the copper and water 
reach the same temperature. W hat causes this decrease i n the temperature of the copper and 
the increase in the temperature of the water? We say that it is the result of the transfer of 
energy from the copper block to the water. It is from such a transfer of energy that we arrive 
at a definition of heat. 

H eat is defi ned as the form of energy that i s transferred across the boundary of a system 
at a given temperature to another system (or the surroundings) at a lower temperature by 
virtue of the temperature difference between the two systems. That is, heat is transferred 
from the system at the higher temperature to the system at the lower temperature, and the 
heat transfer occurs solely because of the temperature difference between the two systems. 
Another aspect of this definition of heat is that a body never contains heat. Rather, heat 
can be identified only as it crosses the boundary. Thus, heat is a transient phenomenon. 
If we consider the hot block of copper as one system and the cold water in the beaker 
as another system, we recognize that originally neither system contains any heat (they do 
contain energy, of course). When the copper block is placed in the water and the two are in 
thermal communication, heat is transferred from the copper to the water until equilibrium 
of temperature is established. At this point we no longer have heat transfer, because there 
is no temperature difference. Neither system contains heat at the conclusion of the process. 
It also follows that heat is identified at the boundary of the system, for heat is defined as 
energy transferred across the system boundary. 

Heat, like work, is a form of energy transfer to or from a system. Therefore, the units 
for heat, and for any other form of energy as well, are the same as the units for work, or at 
least are directly proportional to them, in the International System the unit for heat (energy) 
is the joule. In the English System, the foot pound force is an appropriate unit for heat. 
However, another unit came to be used naturally over the years, the result of an association 
with the process of heating water, such as that used in connection with defining heat in the 
previous section. Consider as a system 1 Ibm of water at 59.5 F. Leta block of hot copper of 
appropriate mass and temperature be placed in the water so that when thermal equilibrium 
is established, the temperature of the water is 60.5 F. This unit amount of heat transferred 
from the copper to the water in this process is called the British thermal unit (Btu). M ore 
specifically, it is called the 60-degree Btu, defined as the amount of heat required to raise 
1 Ibm of waterfrom 59.5 F to 60.5 F. (The Btu as used today is actually defined in terms of 
the standard SI units.) It is worth noting here that a unit of heat in metric units, the calorie, 
originated naturally in a manner similar to the origin of the Btu in the English System. The 
calorie is defined as the amount of heat required to raise 1 g of waterfrom 14.5°C to 15.5°C. 

Heat transferred to a system is considered positive, and heat transferred from a system 
is considered negative. Thus, positive heat represents energy transferred to a system, and 
negative heat represents energy transferred from a system. The symbol Q represents heat. 
A process in which there is no heat transfer (Q = 0) is called an adiabatic process. 

From a mathematical perspective, heat, likework, isa path function and is recognized 
as an inexact differential. That is, the amount of heat transferred when asystem undergoes 
a change from state 1 to state 2 depends on the path that the system follows during the 
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change of state. Since heat is an inexact differential, the differential is written as SQ . On 
integrating, we write 



In words, iQ 2 is the heat transferred during the given process between states 1 and 2. 
The rate at which heat is transferred to a system is designated by the symbol Q 



It is also convenient to speak of the heat transfer per unit mass of the system, q, often 
termed specific heat transfer, which is defined as 



4.7 HEAT TRANSFER MODES 


Heat transfer is the transport of energy due to a temperature difference between different 
amounts of matter. We know that an ice cube taken out of the freezer will melt when it is 
placed in a warmer environment such as a glass of liquid water or on a plate with room air 
around it. From the discussion about energy in Section 2.6, we realize that molecules of 
matter have translational (kinetic), rotational, and vibrational energy. Energy in these modes 
can be transmitted to the nearby molecules by interactions (collisions) or by exchange of 
molecules such that energy is emitted by molecules that have more on average (higher 
temperature) to those that have less on average (lower temperature). This energy exchange 
between molecules is heat transfer by conduction, and it increases with the temperature 
difference and the ability of the substance to make the transfer. This is expressed in Fourier’s 
law of conduction, 



(4.18) 


giving the rate of heat transfer as proportional to the conductivity, k, the total area, A, 
and the temperature gradient. The minus sign indicates the direction of the heat transfer 
from a higher-temperature to a lower-temperature region. Often the gradient is evaluated 
as a temperature difference divided by a distance when an estimate has to be made if a 
mathematical or numerical solution is not available. 

Values of conductivity, k, are on the order of 100 W/m K for metals, 1 to 10 for 
nonmetallic solids as glass, ice, and rock, 0.1 to 10 for liquids, around 0.1 for insulation 
materials, and 0.1 down to less than 0.01 for gases. 

A different mode of heat transfer takes place when a medium is flowing, called 
convective heat transfer. In this mode the bulk motion of a substance moves matter with 
a certain energy level over or near a surface with a different temperature. Now the heat 
transfer by conduction is dominated by the manner in which the bulk motion brings the two 
substances in contact or close proximity. Examples are the wind blowing over a building 
or flow through heat exchangers, which can be air flowing over/through a radiator with 
water flowing inside the radiator piping. The overall heat transfer is typically correlated 
with Newton’s law of cooling as 


Q = Ah AT 


(4.19) 
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EXAMPLE 4.7 


FIGURE 4.19 

Conduction and 
convection heat transfer 
through a window pane. 


where the transfer properties are lumped into the heat transfer coefficient, h, which then 
becomes a function of the media properties, the flow and geometry. A more detailed study 
of fluid mechanics and heat transfer aspects of the overall process is necessary to evaluate 
the heat transfer coefficient for a given situation. 

Typical values for the convection coefficient (all in W/m 2 K) are: 


Natural convection 

h = 5-25, gas 

h = 50-1000, liquid 

Forced convection 

h = 25-250, gas 

h = 50-20 000, liquid 

Boiling phase change 

h = 2500-100 000 



The final mode of heat transfer is radiation, which transmits energy as electromagnetic 
waves in space. The transfer can happen in empty space and does not require any matter, 
but the emission (generation) of the radiation and the absorption do require a substance to 
be present. Surface emission is usually written as a fraction, emissivity s, of a perfect black 
body emission as 

Q = eaAT s 4 (4.20) 

with the surface temperature, T s , and the Stefan-Boltzmann constant, a. Typical values of 
emissivity range from 0.92 for nonmetallic surfaces to 0.6 to 0.9 for nonpolished metallic 
surfaces to less than 0.1 for highly polished metallic surfaces. Radiation is distributed over 
a range of wavelengths and it is emitted and absorbed differently for different surfaces, but 
such a description is beyond the scope of this book. 


Consider the constant transfer of energy from a warm room at 20°C inside a house to the 
colder ambient temperature of -10°C through a single-pane window, as shown in Fig. 
4.19. The temperature variation with distance from the outside glass surface is shown 
by an outside convection heat transfer layer, but no such layer is inside the room (as a 
simplification). The glass pane has a thickness of 5 mm (0.005 m) with a conductivity of 
1.4 W /m K and a total surface area of 0.5 m 2 . The outside wind isblowing,sotheconvective 
heat transfer coefficient is 100 W/m 2 K . With an outer glass surfacetemperature of 12.1°C, 
we would I ike to know the rate of heat transfer in the glass and the convective layer. 


For the conduction through the glass we have 


Q = -kA d -^~ = -kA — = —1.4-^- x 0.5 m 2 


dx 


AX 


m K 


20- 12.1 K 
0.005 m 


-1106 W 
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and the negative sign shows that energy is leaving the room. For the outside convection 
layer we have 

0 = hA AT = IOOj^y x °' 5 m2[121 “ K = 1105 w 
with a direction from the higher to the lower temperature, that is, toward the outside. 


4.8 


COMPARISON OF HEAT AND WORK 


At this point it is evident that there are many similarities between heat and work. 


1. Heat and work are both transient phenomena. Systems never possess heat or work, 
but either or both cross the system boundary when a system undergoes a change of 
state. 

2. B oth heat and work are boundary phenomena. B oth are observed only at the boundary 
of the system, and both represent energy crossing the boundary. 

3. Both heat and work are path functions and inexact differentials. 


It should also be noted that in our sign convention, +0 represents heat transferred to 
the system and thus is energy added to the system, and +1/1/ represents work done by the 
system and thus is energy leaving the system. 

Another illustration may help explain the difference between heat and work. Figure 
4.20 shows a gas contained in a rigid vessel. Resistance coils are wound around the outside 
of the vessel. When current flows through the resistance coils, the temperature of the gas 
increases. Which crosses the boundary of the system, heat or work? 

In Fig. 4.20a we consider only the gas as the system. The energy crosses the boundary 
of the system because the temperature of the walls is higher than the temperature of the gas. 
Therefore, we recognize that heat crosses the boundary of the system. 

in Fig. 4.20b the system includes the vessel and the resistance heater. Electricity 
crosses the boundary of the system and, as indicated earlier, this is work. 

Consider a gas in a cylinder fitted with a movable piston, as shown in Fig. 4.21. There 
is a positive heat transfer to the gas, which tends to increase the temperature. It also tends to 
increase the gas pressure. However, the pressure is dictated by the external force acting on 
its movable boundary, as discussed in Section 2.8. If this remains constant, then the volume 
increases instead. There is also the opposite tendency for a negative heat transfer, that is, 


FIGURE 4.20 

An example of the 
difference between heat 
and work. 




(b) 
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FIGURE 4.21 The 

effects of heat addition 
to a control volume that 
also can give out work. 



one out of the gas. Consider again the positive heat transfer, except that in this case the 
external force simultaneously decreases. This causes the gas pressure to decrease so that 
the temperature tends to go down. In this case, there is a simultaneous tendency toward 
temperature change in the opposite direction, which effectively decouples the directions of 
heat transfer and temperature change. 

Often when we want to evaluate a finite amount of energy transferred as either work 
or heat, we must integrate the instantaneous rate over time: 

1 W 2 = J*Wdt, iQ 2 = J*Qdt 

In order to perform the integration, we must know how the rate varies with time. For time 
periods when the rate does not change significantly, a simple average may be sufficiently 
accurate to allow us to write 

0 . 14/2 = J W dt = 1/1/ avg At (4.21) 

which is similar to the information given on your electric utility bill in kW-hours. 


4.9 


ENGINEERING APPLICATIONS 


When work needs to be transferred from one body to another, a moving part is required, 
which can be a piston/cylinder combination. Examples are shown in Fig. 4.22. If the 



(a) Hydraulic cylinder (b) Hydraulic or pneumatic cylinder 

FIGURE 4.22 Basic hydraulic or pneumatic cylinders. 
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FIGURE 4.23 

Heavy-duty equipment 
using hydraulic cylinders. (a) Forklift 




substance that generates the motion is a gas, it is a pneumatic system, and if the substance 
is a liquid, it is a hydraulic system. The gas or vapor is typically used when the motion 
has to be fast or the volume change large and the pressures moderate. For high-pressure 
(large-force) displacements a hydraulic cylinder is used (examples include a bulldozer, 
forklift, frontloader, and backhoe. Also, see Example 2.7). Two of these large pieces of 
equipment are shown in Fig. 4.23. 

We also consider cases where the substance inside the piston/cylinder undergoes a 
combustion process, as in gasoline and diesel engines. A schematic of an engine cylinder 
and a photo of a modern V6 automotive engine are shown in Fig. 4.24. This subject is 
discussed in detail in Chapter 12. 

M any other transfers of work involve rotating shafts, such as the transmission and 
drive shaft in a car or a chain and rotating gears in a bicycle or motorcycle (Fig. 4.25). 


FIGURE 4.24 

Schematic and photo of 
an automotive engine. 




(b )\ 6 automotive engine 



112 ■ CHAPTER FOUR WORK AND HEAT 


FIGURE 4.25 Bicycle 
chain drive. 



FIGURE 4.26 

Electrical power 
transmission tower and 
line. 




FIGURE 4.27 

Thermopane window. 
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FIGURE 4.28 

Examples of 
fin-enhanced heat 
transfer. 





(a) Motorcycle engine 
cylinder 


(b) Inside of a baseboard 
heater 


(C) Air cooled heavy- 
equipment oil coolers 


For transmission of power overlong distances, the most convenient and efficientform 
is electricity. A transmission tower and line are shown in Fig. 4.26. 

FI eat transfer occurs between domains at different temperatures, as in a building with 
different inside and outside temperatures. The double set of window panes shown in Fig. 
4.27 is used to reduce the rate of heat transfer through the window. In situations where an 
increased rate of heat transfer is desirable, fins are often used to increase the surface area 
for heat transfer to occur. Examples are shown in Fig. 4.28. 


SUMMARY Work and heat are energy transfers between a control volumeand its surroundings. Work is 
energy that can be transferred mechanically (or electrically or chemically) from one system 
to another and must cross the control surface either as a transi ent phenomenon or as a steady 
rate of work, which is power. Work is a function of the process path as well as the beginning 
state and end state. The displacement work is equal to the area below the process curve 
drawn in a P-V diagram in an equilibrium process. A number of ordinary processes can 
be expressed as polytropic processes having a particular simple mathematical form for the 
P-V relation. Work involving the action of surface tension, single-pointforces, or electrical 
systems should be recognized and treated separately. Any nonequilibrium processes (say, 
dynamic forces, which are important due to accelerations) should be identified so that only 
equilibrium force or pressure is used to evaluate the work term. 

Heat transfer is energy transferred due to a temperature difference, and the conduction, 
convection, and radiation modes are discussed. 

You should have learned a number of skills and acquired abilities from studying this 
chapter that will allow you to 

• Recognize force and displacement in a system. 

• U nderstand power as the rate of work (force x velocity, torque x angular velocity). 

• Know that work is a function of the end states and the path followed in a process. 

• Calculate the work term knowing the P-V or F -x relationship. 

• Evaluate the work involved in a polytropic process between two states. 

• Know that work is the area under the process curve in a P-V diagram. 
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• Apply a force balance on a mass and determine work in a process from it. 

• Distinguish between an equilibrium process and a nonequi librium process. 

• Recognize the three modes of heat transfer: conduction, convection, and radiation. 

• Be familiar with Fourier's law of conduction and its use in simple applications. 

• K now the simple models for convection and radiation heat transfer. 

• Understand the difference between the rates (1/1/ , Q) and the amounts (il/l/ 2 , 1 O 2 ) 
of work. 


KEY CONCEPTS 
AND FORMULAS 


Work 

Energy in transfer: mechanical, electrical, and chemical 

Heat 

Energy in transfer caused by AT 


,2 ,2 

,2 ,2 

Displacement work 

W= Fdx = 

PdV= FfdA=\ T de 


J 1 J 1 

J 1 A 

Specific work 

w = W/m (work per unit mass) 

Power, rate of work 

1/1/ = F V — P V —T 

co {V displacement rate) 


Velocity V = r®, torque T = Fr, angular velocity = ® 

Polytropic process 

P 1 / n — constant or 

Pv n = constant 

Polytropic process work 

lWl = Y ~^( p 2 v 2~ 

PiVi) (if n ^ 1) 


iW 2 = PiViln^ 

Vl 

(if n = 1) 

Conduction heat transfer 

4--kA* 

dx 


Conductivity 

k (W/mK) 


Convection heat transfer 

Q = -hA AT 


Convection coefficient 

MW/m 2 K) 


Radiation heat transfer 

0 =^(T/ — Tf mb ) 

(a = 5.67 x 10~ 8 W /m 2 K 4 ) 


(net to ambient) 

Rate integration iQ 2 = J Qdt^Q ayg At 


CONCEPT-STUDY GUIDE PROBLEMS 

4.1 A car engine is rated at 160 hp. What is the power 
in SI units? 

4.2 Two engines provide the same amount of work to 
lift a hoist. One engine can provide 3 F in a cable 
and the other 1 F . W hat can you say about the mo- 
tion of the point where the force F acts in the two 
engines? 

4.3 Two hydraulic piston/cylinders are connected 
through a hydraulic line so that they have roughly 
the same pressure. If they have diameters Di and 


D 2 = 2D !, respectively, what can you say about the 
piston forces Fi and F 2 ? 

4.4 Normally pistons have a flat head, but in diesel 
engines pistons can contain bowls and protrud- 
ing ridges. Does this geometry influence the work 
term? 

4.5 CV A is the mass inside a piston/cylinder. CV B is 
that mass plus the mass of the piston, outside which 
i s the standard atmosphere. W rite the process equa- 
tion and the work term for the two C V s. 
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FIGURE P4.5 


4.6 Assume a physical setup as in Fig. P4.5. We now 
heat the cylinder. What happens to P , T , and v (up, 
down, or constant)? W hat transfers do we have for 
Q and 1/1/ (positive, negative, or zero)? 

4.7 For a buffer storage of natural gas (C H 4 ), a large 
bell in a container can move up and down, keeping 
a pressure of 105 kPa inside. The sun then heats the 
container and the gas from 280 K to 300 K for 4 h. 
W hat happens to the volume of the gas, and what 
is the sign of the work term? 

4.8 A dragforceonanobjectmovingthroughamedium 
(I ike a car through air or a submarine through water) 
is Fd = 0.225 A pV 2 . Verify that the unit becomes 
newton. 

4.9 Figure P4.9 shows a physical situation. Illustrate 
the possible process in a P-v diagram. 



(a) lb) 

FIGURE P4.9 


(c) 


4.10 For the indicated physical setup in Fig. P4.9a-c, 
write a process equation and the expression for 
work. 


4.11 Assume the physical situation in Fig. P4.9t>; what 
is the work term a, b, c, or d? 

a: i w / 2 = P i(v 2 - Vi) 
b: i w/ 2 = Vi(P 2 - Pi) 

c: iw 2 = ^(Pi + P2) (V2-V1) 

d: l w 2 = ^[Pi - P 2 ){v 2 + vi) 

4.12 Figure P4.12 shows a physical situation; illustrate 
the possible process in a P-v diagram. 


I P ° 

j d 


R-410a 


(a) ib) (c) 

FIGURE P4.12 

4.13 W hat can you say about the begi nni ng state of the 
R -410a i n Fig. P4.9 versus that in Fig. P4. 12 for the 
same piston/cylinder? 

4.14 Show how the polytropic exponent n can be evalu- 
ated if you know the end state properties (P 1 , V 1 ) 
and (P 2 , l/ 2 ). 

4.15 A pieceof steel hasaconductivity of k = 15W/mK, 
and a brick hask = 1 W/mK . Flow thick a steel wall 
will provide the same insulation as a 10-cm-thick 
brick? 

4.16 A thermopane window (see Fig. 4.27) traps some 
gas between the two glass panes. W hy is this ben- 
eficial? 

4.17 On a chilly fall day with an ambient temperature of 
10°C, a house with an inside temperature of 20°C 
loses 6 kW by heat transfer. What transfer occurs 
on a warm summer day at 30°C, assuming all other 
conditions are the same? 
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Force Displacement Work 

4.18 A piston of mass 2 kg is lowered 0.5 m in the stan- 
dard gravitational field. Find the required forceand 
the work involved in the process. 


4.19 A hydraulic cylinder of area 0.01 m 2 must push 
a 1000-kg arm and shovel 0.5 m straight up. 
What pressure is needed and how much work is 
done? 
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4.20 An escalator raises a 100-kg bucket of sand 10 m 
in 1 min. Determine the total amount of work done 
during the process. 

4.21 A bulldozer pushes 500 kg of dirt 100 m with a 
force of 1500 N . It then lifts the dirt 3 m up to put it 
in a dump truck. How much work did itdo in each 
situation? 

4.22 A hydraulic cylinder has a piston cross-sectional 
area of 15 cm 2 and a fluid pressure of 2 M Pa. If the 
piston is moved 0.25 m, how much work is done? 

4.23 A linear spring, F = k s (x-xo) with spring constant 
k 5 = 500 N/m isstretched until itis 100 mm longer. 
Find the required force and the work input. 

4.24 Two hydraulic cylinders maintain a pressure of 
1200 kPa. One has a cross-sectional area of 
0.01 m 2 , the other 0.03 m 2 . To deliver work of 
1 kj to the piston, how large a displacement V and 
piston motion H are needed for each cylinder? Ne- 
g I ect P atm . 

4.25 Two hydraulic piston/cylinders are connected with 
a line. The master cylinder has an area of 5 cm 2 , 
creating a pressure of 1000 kPa. The slave cylinder 
has an area of 3 cm 2 . If 25 J is the work input to 
the master cylinder, whatistheforceand displace- 
ment of each piston and the work output of the slave 
cylinder piston? 

4.26 The rolling resistanceof acardependson itsweight 
as F — 0.006 m ca rg. How long will a car of 1400 
kg drive for a work input of 25 kj ? 

4.27 The air drag force on a car is 0.225 A pV 2 . As- 
sume air at 290 K, 100 kPa and a car frontal area of 
4 m 2 driving at 90 km/h. How much energy is used 
to overcomethe air drag driving for 30 min? 

Boundary Work: Simple One-Step Process 

4.28 The R-410a in Problem 4.12c is at 1000 kPa, 50°C 
with a mass of 0.1 kg. It is cooled so that the vol- 
ume is reduced to half the initial volume. The pis- 
ton mass and gravitation are such that a pressure of 
400 kPa will float the piston. Find the work in the 
process. 

4.29 A steam radiator in a room at 25°C has saturated 
water vapor at 110 kPa flowing through it when the 
inlet and exit valves are closed. W hat are the pres- 
sure and the qual ity of the water when it has cooled 
to 25°C? How much work is done? 

4.30 A constant-pressure piston/cylinder assembly con- 
tains 0.2 kg of water as saturated vapor at 400 kPa. It 


is now cooled so that the water occupies half of the 
original volume. Find the work done in the process. 

4.31 Find the specific work in Problem 3.47. 

4.32 A 400-L tank, A (see Fig. P4.32), containsargongas 
at 250 kPaand 30°C. Cylinders, having afriction- 
less piston of such mass that a pressure of 150 kPa 
will float it, is initially empty. The valve is opened, 
and argon flows i nto B and eventual ly reaches a uni- 
form state of 150 kPa and 30°C throughout. W hat 
is the work done by the argon? 



FIGURE P4.32 


4.33 A piston/cylinder contains 1.5 kg of water at 200 
kPa, 150°C. Itis now heated by a process in which 
pressure is linearly related to volume to a state of 
600 kPa, 350°C. Find the final volumeand thework 
in the process. 

4.34 A cylinder fitted with a frictionless piston contains 
5 kg of superheated Ft -134a vapor at 1000 kPa and 
140°C . T he setup is cooled at constant pressure un- 
til the R-134a reaches a quality of 25%. Calculate 
the work done in the process. 

4.35 A piston/cylinder contains air at 600 kPa, 290 K 
and a volume of 0.01 m 3 . A constant-pressure pro- 
cess gives 54 kj of work out. Find the final volume 
and temperature of the air. 

4.36 A piston/cylinder has 5 m of liquid 20°C water on 
top of the piston ( m = 0) with a cross-sectional 
area of 0.1 m 2 ; see Fig. P2.56. Air let in under the 
piston rises and pushes the water out over the top 
edge. Find the work needed to push all the water 
out and plot the process in aP-V diagram. 

4.37 Saturated water vapor at 200 kPa is in a constant- 
pressure piston/cylinder. In this state, the piston is 
0.1 m from the cylinder bottom and the cylinder 
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area is 0.25 m 2 . The temperature is then changed 
to 200°C. Find the work in the process. 

4.38 A piston/cylinder assembly contains 1 kg of liquid 
water at20°C and 300 kPa, as shown in Fig. P4.38. 
There is a linear spring mounted on the piston such 
that when the water is heated, the pressure reaches 
3 M Pa with a volume of 0.1 m 3 . 

a. Find the final temperature. 

b. Plot the process in a P-v diagram. 

c. Find the work in the process. 



4.39 Find the specific work in Problem 3.53 forthecase 
where the volume is reduced. 

4.40 A piston/cylinder contains 1 kg of water at 20°C 
withavolumeof 0.1 m 3 . By mistakesomeone locks 
the piston, preventing itfrom moving while we heat 
the water to saturated vapor. Find the final temper- 
ature and volume and the process work. 

4.41 Ammonia (0.5 kg) in a piston/cylinder at 200 kPa, 
-10°C is heated by a process in which pressure 
varies linearly with volume to a state of 120°C, 
300 kPa. Find the work the ammonia gives out in 
the process. 

4.42 Air in a spring-loaded piston/cylinder setup has a 
pressure that is linear with volume, P =A + BV . 
With an initial state of P — 150 kPa, 1/ = 1 L and 
a final state of 800 kPa, V = 1.5 L, it is similar to 
the setup in Problem 4.38. Find the work done by 
the air. 

4.43 Air (3 kg) is in a piston/cylinder similar to Fig. P4.5 
at 27°C, 300 kPa. It is now heated to 500 K. Plot 
the process path i n a P -v diagram and find the work 
in the process. 

4.44 Find the work in the process described in Problem 
3.62. 

4.45 Pleat transfer to a 1.5-kg block of ice at -10°C 
melts it to liquid at 10°C in a kitchen. Plow much 
work does the water gives out? 


4.46 A piston/cylinder assembly contains 0.5 kg of air 
at 500 kPa and 500 K . The air expands in a process 
such thatP is linearly decreasing with volume to a 
final state of 100 kPa, 300 K . Find the work in the 
process. 


Polytropic process 

4.47 A nitrogen gas goes through a polytropic process 
with n = 1.3 in a piston/cylinder. It starts out at 
600 K, 600 kPa and ends at 800 K. Is the work 
positive, negative, or zero? 

4.48 C onsider a mass goi ng through a polytropi c process 
where pressure is directly proportional to volume 
( n = -1). The process starts with P = 0, V = 0 
and ends with P = 600 kPa, V = 0.01 m 3 . Find the 
boundary work done by the mass. 

4.49 Plelium gas expands from 125 kPa, 350 K, and 
0.25 m 3 to 100 kPa in a polytropic process with 
n — 1.667. PI ow much work does it give out? 

4.50 Air at 1500 K, 1000 kPa expands in a polytropic 
process with n = 1.5 to a pressure of 200 kPa. Plow 
cold does the air become, and what is the specific 
work put out? 

4.51 The piston/cylinder arrangement shown in Fig. 
P4.51 contains carbon dioxide at 300 KPa and 
100°C with a volume of 0.2 m 3 . Weights are added 
to the piston such thatthegascompresses according 
to the relation PI/ 1 - 2 = constant to a final tempera- 
ture of 200°C . D etermi ne the work done duri ng the 
process. 



4.52 Air goes through a polytropic process from 125 kPa 
and 325 K to 300 kPaand 500 K . Find the polytropic 
exponent n and the specific work in the process. 

4.53 A gas initially at 1 M Pa and 500°C is contained in a 
piston/cylinder arrangement with an initial volume 
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of 0.1 m 3 . The gas then slowly expands according 
to the relation PV = constant until a final pressure 
of 100 kPa is reached. Determine the work for this 
process. 

4.54 A balloon behaves so that the pressure is P = 
C 2 I/ 1/3 and C 2 = 100 kPa/m. The balloon is blown 
up with air from a starting volume of 1 m 3 to a vol- 
ume of 3 m 3 . Find the final mass of air, assuming 
it is at 25°C, and the work done by the air. 

4.55 A piston/cylinder contains 0.1 kg of nitrogen at 
100 kPa, 27°C, and it is now compressed in a 
polytropic process with n = 1.25 to a pressure of 
250 kPa. W hat is the work involved? 

4.56 A piston/cylinder device contains 0.1 kg of air at 
100 kPa and 400 K that goes through a polytropic 
compression process with n = 1.3 to a pressure of 
300 kPa. How much work has the air done in the 
process? 

4.57 A balloon behaves such that the pressure inside is 
proportional to the diameter squared. It contains 
2 kg of ammonia at 0°C, with 60% quality. The 
balloon and ammonia are now heated so that a final 
pressureof 600 kPa is reached. Considering theam- 
monia as a control mass, find the amount of work 
done in the process. 

4.58 Consider a piston/cylinder setup with 0.5 kg of 
R-134aas saturated vapor at -10°C. Itisnow com- 
pressed to a pressure of 500 kPa in a polytropic 
process with n = 1.5. Find the final volume and 
temperature and determine the work done during 
the process. 

4.59 A piston/cylinder contains water at 500°C, 3 M Pa. 

1 1 is cooled i n a polytropi c process to 200°C , 1M Pa. 
Find the polytropic exponent and the specific work 
in the process. 

4.60 A spring-loaded piston/cylinder assembly contains 
1 kg of water at 500°C, 3 M Pa. The setup is such 
that the pressure is proportional to the volume: 
P = C V . it is now cooled until the water becomes 
saturated vapor. Sketch the P-v diagram, and find 
the final state and the work in the process. 

Boundary Work: M ultistep Process 

4.61 Consider a two-part process with an expansion 
from 0.1 to 0.2 m 3 at a constant pressure of 
150 kPa followed by an expansion from 0.2 to 0.4 
m 3 with a linearly rising pressurefrom 150 kPa end- 


ing at 300 kPa. Show the process in a P-V diagram 
and find the boundary work. 

4.62 A helium gas is heated at constant volume from 
100 kPa, 300 K to 500 K . A following process ex- 
pands the gas at constant pressure to three times 
the initial volume. What is the specific work in the 
combined process? 

4.63 Find the work in Problem 3.59. 

4.64 A piston/cylinder arrangement shown in Fig. P4. 64 
initially contains air at 150 kPa and 400°C. The 
setup is al lowed to cool to the ambient temperature 
of 20°C. 

a. Isthepiston resting on thestops in thefinal state? 
What is thefinal pressure in the cylinder? 

b. What is the specific work done by the air during 
the process? 



t 

1 m 


1 m 


FIGURE P4.64 


4.65 A cylinder containing 1 kg of ammonia has an ex- 
ternally loaded piston. Initially the ammonia is at 
2 M Pa and 180°C. It is now cooled to saturated 
vapor at 40°C and then further cooled to 20°C, at 
which point the quality is 50%. Find the total work 
for the process, assuming a piecewise linear varia- 
tion of P versus V . 

4.66 A piston/cylinder has 1.5 kg of ai r at 300 K and 150 
kPa. It is now heated in a two-step process: first, a 
constant-volume process to 1000 K (state 2), fol- 
lowed by a constant-pressure process to 1500 K 
(state 3). Find thefinal volumeand the work in the 
process. 

4.67 The refrigerant R-410a is contained in a piston/ 
cylinder, as shown in Fig. P4.67, where the vol- 
ume is 11 L when the piston hits the stops. The 
initial state is -30°C, 150 kPa, with a volume of 
10 L .This system is brought indoors and warms up 
to 15°C. 
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a. Is the piston at the stops in the final state? 

b. Find the work done by the R-410a during this 
process. 



FIGURE P4.67 


4.68 A piston/cylinder assembly contains 1 kg of liq- 
uid water at 20°C and 300 kPa. Initially the piston 
floats, similar to the setup in Problem 4.67, with a 
maximum enclosed volume of 0.002 m 3 if the pis- 
ton touches the stops. N ow heat is added so that a 
final pressure of 600 kPa is reached. Find the final 
volume and the work in the process. 

4.69 A piston/cylinder assembly contains 50 kg of 
water at 200 kPa with a volume of 0.1 m 3 . Stops 
in the cylinder restrict the enclosed volume to 0.5 
m 3 , similar to the setup in Problem 4.67. The wa- 
ter is now heated to 200°C. Find the final pressure, 
volume, and work done by the water. 

4.70 A piston/cylinder assembly (Fig. P4.70) has 1 kg 
of R-134a at state 1 with 110°C, 600 kPa. It is then 
brought to saturated vapor, state 2, by cooling while 
the piston is locked with a pin. Now the piston is bal- 
anced with an additional constant force and the pin 
is removed. The cooling continues to state 3, where 
the R-134a is saturated liquid. Show the processes 
in a P-1/ diagram and find the work in each of the 
two steps, 1 to 2 and 2 to 3. 




4.72 Ten kilograms of water i n a piston/cy I i nder arrange- 
ment exists as saturated liquid/vapor at 100 kPa, 
with a quality of 50%. It is now heated so that the 
volume triples. The mass of the piston is such that 
a cylinder pressure of 200 kPa will float it (see Fig. 
P4.72). 

a. Find the final temperature and volume of the 
water. 

b. Find the work given out by the water. 



FIGURE P4.72 


4.73 A piston/cylinder setup similar to Problem 4.72 
contains 0.1 kg of saturated liquid and vapor water 
atlOO kPa with quality 25%. The mass of thepiston 
is such that a pressure of 500 kPa will float it. The 
water is heated to 300°C. Find the final pressure, 
volume, and work, il/l/ 2 ■ 

4.74 A piston cylinder contains air at 1000 kPa, 800 K 
with a volume of 0.05 m 3 . The piston is pressed 
against the upper stops (see Fig. P4.12c) and itwill 
float at a pressure of 750 kPa. N ow the air is cooled 
to 400 K . W hat is the process work? 

Other Types of Work and General Concepts 

4.75 Electric power is volts times amperes (P = Vi). 
When a car battery at 12 V is charged with 6 amps 
for 3 h, how much energy is delivered? 

4.76 A copper wire of diameter 2 mm is 10 m long and 
stretched out between two posts. The normal stress 
(pressure), a =E(L - L 0 )/L 0 , depends on the I ength, 
L, versus the unstretched length, L 0 , and Young's 
modulus, E = 1.1 x 10 6 kPa. The force isF = Aa 
and is measured to be 110 N . Flow much longer is 
the wire, and how much work was putin? 

4.77 A 0.5-m-long steel rod with a 1-cm diameter is 
stretc h ed i n a ten si I e test. W h at i s th e w 0 rk req u i red 
to obtain a relative strain of 0.1%? The modulus of 
elasticity of steel is 2 x 10 8 kPa. 


4.71 Find the work in Problem 3.84. 
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4.78 A soap bubble has a surface tension of if = 3 x 
10~ 4 N/cm as it sits flat on a rigid ring of diameter 
5 cm. You now blow on the film to create a half- 
sphere surface of diameter 5 cm. How much work 
was done? 

4.79 A film of ethanol at 20°C has a surface tension of 
22.3 mN/m and is maintained on a wire frame, as 
shown in Fig. P4.79. Consider the film with two 
surfaces as a control mass and find the work done 
when the wire is moved 10 mm to make the film 
20 x 40 mm. 



4.80 Assume that we fill a spherical balloon from a bot- 
tle of helium gas. The helium gas provides work 
/ Pd V that stretches the balloon material f if dA 
and pushes back the atmosphere / P 0 dV . Write 
the incremental balance for cfl/l/ helium = cfl/l/ stretch + 
dW atm to establish the connection between the he- 
lium pressure, the surface tension if, and P 0 as a 
function of the radius. 

4.81 Assume a balloon material with a constant surface 
tension of if = 2 N/m. What is the work required 
to stretch a spherical balloon up to a radius of 
r = 0.5 m? Neglect any effect from atmospheric 
pressure. 

4.82 A sheet of rubber is stretched out over a ring of ra- 
dius 0.25 m. I pour liquid water at 20°C on it, as in 
Fig. P4.82, so that the rubber forms a half-sphere 
(cup). N eglect the rubber mass and find the surface 
tension near the ring. 



FIGURE P4.82 


4.83 Consider a window-mounted air-conditioning unit 
used in the summer to cool incoming air. Examine 
the system boundaries for rates of work and heat 
transfer, including signs. 

4.84 Consider a light bulb that is on. Explain where there 
are rates of work and heat transfer (include modes) 
that moves energy. 

4.85 C onsider a household ref rigerator that has j ust been 
filled up with room-temperaturefood. Define a con- 
trol volume (mass) and examine its boundaries for 
rates of work and heat transfer, including the sign: 

a. Immediately after the food is placed in the re- 
frigerator 

b. After a long period of time has elapsed and the 
food is cold 

4.86 A room is heated with an electric space heater on 
a winter day. Examine the following control vol- 
umes, regarding heat transfer and work, including 
the sign: 

a. The space heater 

b. The room 

c. The space heater and the room together 


Rates of Work 

4.87 A 100-hp car engine has a drive shaft rotating at 
2000 RPM . How much torque is on the shaft for 
25% of full power? 

4.88 A car uses 25 hp to drive at a horizontal level at a 
constant speed of 100 km/h. What is the traction 
force between the tires and the road? 

4.89 A n escalator raises a 100-kg bucket 10 m in 1 min. 
Determine the rate of work in the process. 

4.90 A crane lifts a bucket of cement with a total massof 
450 kg vertically upward with a constant velocity 
of 2 m/s. Find the rate of work needed to do this. 

4.91 A force of 1.2 kN moves a truck at a speed of 
60 km/h up a hill. What is the power? 

4.92 A piston/cylinder of cross-sectional area 0.01 m 2 
maintains constant pressure. It contains 1 kg of 
water with a quality of 5% at 150°C. If we heat 
the water so that 1 g/s of liquid turns into vapor, 
what is the rate of work out? 

4.93 Consider the car w i th the rol I i ng resistancein Prob- 
lem 4.26. How fast can it drive using 30 hp? 

4.94 Consider the car with the air drag force in Problem 
4.27. How fast can itdrive using 30 hp? 
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4.95 Consider a 1400-kg car having the rolling resis- 
tance i n Problem 4.26 and the ai r resi stance i n Prob- 
lem 4.27. How fast can it drive using 30 hp? 

4.96 A current of 10 A runs through a resistor with a 
resistance of 15 £2. Find the rate of work that heats 
the resistor. 

4.97 A battery is well insulated while being charged by 
12.3 V at a current of 6 A. Take the battery as 
a control mass and find the instantaneous rate of 
work and the total work done over 4 h. 

4.98 A torque of 650 Nm rotates a shaft of diameter 
0.25 m with co — 50 rad/s. W hat are the shaft sur- 
face speed and the transmitted power? 

4.99 Air at a constant pressure in a piston/cylinder is at 
300 kPa, 300 K and has a volume of 0.1 m 3 . It is 
heated to 600 K over 30 s in a process with con- 
stant piston velocity. Find the power delivered to 
the piston. 

4.100 A pressure of 650 kPa pushes a piston of diame- 
ter 0.25 m with V = 5 m/s. What are the volume 
displacement rate, the force, and the transmitted 
power? 

4.101 Assume that the process in Problem 4.61 takes 
place with a constant rate of change in volume over 
2 min. Show the power (rate of work) as a function 
of time. 

Heat Transfer Rates 

4.102 Find the rate of conduction heat transfer through 
a 1.5-cm-thick hardwood board, k = 0.16 W/m K, 
w i th a tern peratu re d i ff erence betw een the two si des 
of 20°C. 

4.103 A steel pot, with conductivity of 50 W/m K and a 
5-mm-thick bottom, is filled with 15°C liquid wa- 
ter. The pot has a diameter of 20 cm and is now 
placed on an electric stove that delivers 250 W as 
heat transfer. Find the temperature on the outer pot 
bottom surface, assuming the inner surface is at 
15°C. 

4.104 The sun shines on a 150-m 2 road surface so that 
it is at 45°C. Below the 5-cm-thick asphalt, with 
average conductivity of 0.06 W/m K, is a layer of 
compacted rubble at a temperature of 15°C. Find 
the rate of heat transfer to the rubble. 

4.105 A water heater is covered with insulation boards 
over a total surface area of 3 m 2 . The inside board 
surface is at 75°C, the outside surface is at 18°C, 
and the board material has a conductivity of 0.08 


W/m K . How thick should the board be to limitthe 
heat transfer loss to 200 W ? 

4.106 A largecondenser(heat exchanger) inapower plant 
must transfer a total of 100 M W from steam run- 
ning in a pipe to seawater being pumped through 
the heat exchanger. A ssume that the wal I separati ng 
the steam and seawater is 4 mm of steel, with con- 
ductivity of 15 W/m K, and that a maximum 5°C 
difference between the two fluids is allowed in the 
design. Find therequired minimum area for the heat 
transfer, neglecting any convective heat transfer in 
the flows. 

4.107 A 2-m 2 window has a surface temperature of 15°C, 
and the outside wind is blowing air at 2°C across 
it with a convection heat transfer coefficient of 
h = 125 W/m 2 K. What is the total heat transfer 
loss? 

4.108 You drive a car on a winter day with the atmo- 
spheric airat — 15°C, and you keeptheoutsidefront 
windshield surface temperature at +2°C by blow- 
ing hotairontheinsidesurface. If the windshield is 
0.5 m 2 and the outside convection coefficient 
is 250 W/m 2 K, find the rate of energy loss 
through the front windshield. For that heat trans- 
fer rate and a 5-mm-thick glass with k = 1.25 
W/m K, what is the inside windshield surface 
temperature? 

4.109 The brake shoe and steel drum of a car continu- 
ously absorb 25 W as the car slows down. A ssume 
a total outside surface area of 0.1 m 2 with a con- 
vective heat transfer coefficient of 10 W/m 2 K to 
the airat 20°C. How hot does theoutsidebrakeand 
drum surface become when steady conditions are 
reached? 

4.110 Owing to a faulty door contact, the small light bulb 
(25 W) inside a refrigerator is kept on and limited 
insulation lets 50 W of energy from the outside 
seep into the refrigerated space. How much of a 
temperature difference from the ambient surround- 
ings at 20°C must the refrigerator have in its heat 
exchanger with an area of 1 m 2 and an average heat 
transfer coefficient of 15 W/m 2 K to reject the leaks 
of energy? 

4.111 The black grille on the back of a refrigerator 
has a surface temperature of 35°C with a total 
surface area of 1 m 2 . Heat transfer to the room 
air at 20°C takes place with an average convec- 
tive heat transfer coefficient of 15 W/m 2 K. How 
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much energy can be removed during 15 minutes of 
operation? 

4.112 A wall surface on a house is 30°C with an emis- 
sivity of e = 0.7. The surrounding ambient air is 
at 15°C with an average emissivity of 0.9. Find the 
rate of radiation energy from each of those surfaces 
per unit area. 

4.113 A radiant heating lamp has a surface temperature 
of 1000 K with s — 0.8. How large a surface 
area is needed to provide 250 W of radiation heat 
transfer? 

4.114 A log of burning wood in the fireplace has a surface 
temperature of 450°C . A ssume that the emissivity 
is 1 (a perfect black body) and find the radiant emis- 
sion of energy per unit surface area. 

4.115 A radiant heat lamp is a rod, 0.5 m long and 0.5 cm 
in diameter, through which 400 W of electric en- 
ergy is deposited. Assume that the surface has an 
emissivity of 0.9 and neglect incoming radiation. 
What will the rod surface temperature be? 

Review Problems 

4.116 A nonlinear spring has a force versus displacement 
relation of F = k s (x - xo) n . If the spring end is 
moved to xi from the relaxed state, determine the 
formula for the required work. 

4.117 A vertical cy I i nder (Fig. P4.117) hasa61.18-kg pis- 
ton locked with a pin, trapping 10 L of R-410a at 
10°C with 90% quality inside. Atmospheric pres- 
sure is 100 kPa, and the cylinder cross-sectional 
area is 0.006 m 2 . The pin is removed, allowing the 
piston to move and come to rest with a final temper- 
ature of 10°C for the FI -410a. Find the final pres- 
sure, final volume, and work done by the R-410a. 



g 


Pin 


FIGURE P4.117 


4.118 Two kilograms of water is contained in a pis- 
ton/cylinder (Fig. P4.118) with a massless piston 


loaded with a linear spring and the outside atmo- 
sphere. Initially the spring force is zero and Pi = 
P o = 100 kPa with a volumeof 0.2 m 3 . If the piston 
just hits the upper stops, the volume is 0.8 m 3 and 
T — 600°C. Heat is now added until the pressure 
reaches 1.2 M Pa. Find the final temperature, show 
the P-V diagram, and find the work done during 
the process. 



FIGURE P4.118 


4.119 A piston/cylinder assembly contains butane, 
C4H10, at 300°C and 100 kPa with a volume of 
0.02 m 3 . The gas is now compressed slowly in an 
isothermal process to 300 kPa. 

a. Show that it is reasonable to assume that butane 
behaves as an ideal gas during this process. 

b. Determine the work done by the butane during 
the process. 

4.120 Consider the process described in Problem 3.116. 
W ith 1 kg of water as a control mass, determi ne the 
boundary work during the process. 

4.121 A cylinder having an initial volume of 3 m 3 con- 
tains 0.1 kg of water at 40°C. The water is then com- 
pressed in an isothermal quasi-equilibrium process 
until it has a quality of 50%. Calculate the work 
done by splitting the process into two steps. As- 
sume that the water vapor is an ideal gas during the 
fist step of the process. 

4.122 A piston/cylinder setup (Fig. P4.72) contains 1 
kg of water at 20°C with a volume of 0.1 m 3 . 
Initially, the piston rests on some stops with the 
top surface open to the atmosphere, P 0, and a 
mass such that a water pressure of 400 kPa will 
lift it. To what temperature should the water be 
heated to lift the piston? If it is heated to satu- 
rated vapor, find the final temperature, volume, and 
work, il/l/ 2 . 

4.123 Find the work done in Problem 3.112. 
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4.124 A cyl inder fitted with a piston contai ns propane gas 
at 100 kPa and 300 K with a volumeof 0.2 m 3 . The 
gas is now slowly compressed according to the re- 
lation Pl/ L1 = constant to a final temperature of 
340 K. Justify the use of the ideal-gas model. Find 
the final pressure and the work done during the 
process. 

4.125 Consider the nonequilibrium process described 
in Problem 3.122. Determine the work done by 
the carbon dioxide in the cylinder during the 
process. 

4.126 The gas space above the water in a closed stor- 
age tank contains nitrogen at 25°C and 100 kPa. 
Total tank volume is 4 m 3 , and there is 500 kg of 
water at 25°C. An additional 500 kg of water is 
now forced into the tank. Assuming constant tem- 
perature throughout, find the final pressure of the 
nitrogen and the work done on the nitrogen in this 
process. 

4.127 Consider the problem of inflating the helium bal- 
loon described in Problem 3.124. Fora control vol- 
ume that consists of the helium inside the balloon, 
determine the work done during the filling process 
when the diameter changes from 1 m to 4 m. 

4.128 Air at 200 kPa, 30°C is contained in a cylinder/ 
piston arrangement with an initial volume of 
0.1 m 3 . The inside pressure balances ambient pres- 
sure of 100 kPa plus an externally imposed force 
that is proportional to l/ 0 - 5 . Now heat is transferred 
to the system to a final pressure of 225 kPa. Find the 
final temperature and the work done in the process. 


4.129 Two springs with the same spring constant are in- 
stalled in a massless piston/cylinder arrangement 
with the outside air at 100 kPa. If the piston is at 
the bottom, both springs are relaxed, andthesecond 
spri ng comes i n contact w i th the piston at V = 2 m 3 . 
The cylinder (Fig. P4.129) contains ammonia ini- 
tially at -2°C, x = 0.13, V =lm 3 , which is then 
heated until the pressure reaches 1200 kPa. At what 
pressure will the piston touch the second spring? 
Find the final temperature and the total work done 
by the ammonia. 



4.130 A spring-loaded piston/cylinder arrangement con- 
tains R-134a at 20°C, 24% quality with a volume 
of 50 L . The setup is heated and thus expands, mov- 
ing the piston. It is noted that when the last drop 
of liquid disappears, the temperature is 40°C. The 
heating is stopped when T = 130°C. Verify that the 
final pressure is about 1200 kPa by iteration and 
find the work done in the process. 


ENGLISH UNIT PROBLEMS 

E nglish U nit C oncept Problems 

4.131E The electric company charges customers per 
kW-hour. What is that amount in English System 
units? 

4.132 WorkasF Ax has uni ts of I bf-ft; w hat is the equi v- 
alent in Btu? 

4.133 Work in the expression in Eq. 4.5 or Eq. 4.6 in- 
volves PI/ . For P in psia and V in ft 3 , how does 
P V become Btu? 

4.134/ Theairdragforceonacaris0.225A pV 2 . Verify 
that the unit becomes Ibf. 


E nglish U nit Problems 

4.135 An escalator raises a 200-lbm bucket of sand 
30 ft in 1 min. Determine the amount of work 
done during the process. 

4.136/ A bulldozer pushes 1000 Ibm of dirt 300 ft with 
a force of 400 Ibf. It then lifts the dirt 10 ft up to 
put it in a dump truck. Flow much work did it do 
in each situation? 

4.137E A linear spring, F = k s (x - x 0 ), with spring con- 
stant/^ = 35 Ibf/ft, is stretched until it is 2.5 in. 
longer. Find the required force and work input. 
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4.1387 Two hydraulic cylinders maintain a pressure of 
175 psia. One has a cross-sectional area of 0.1 
ft 2 , the other 0.3 ft 2 . To deliver a work of 1 Btu 
to the piston, how large a displacement ( V ) and 
piston motion [H ) are needed for each cylinder? 
NeglectPatm- 

4.1397 The rolling resistance of a car depends on its 
weight as F = 0.006 m ca rg. How long will a car 
of 3000 Ibm drive for a work input of 25 Btu? 

4.1407 A steam radiator in a room at 75 F has satu- 
rated water vapor at 16 lbf/in. 2 flowing through 
it when the inlet and exit valves are closed. 
What is the pressure and the quality of the water 
when it has cooled to 75 F? How much work is 
done? 

4.141E A cylinder fitted with a frictionless piston con- 
tains 10 Ibm of superheated refrigerant R-134a 
vapor at 100 lbf/in. 2 , 300 F. The setup is cooled 
at constant pressure until the R-134a reaches a 
quality of 25%. Calculate the work done in the 
process. 

4.1427 A piston/cylinder has 15 ftof liquid 70F wateron 
top of the piston (m = 0) with a cross-sectional 
area of 1 ft 2 (see Fig. P2.56). Air let in under the 
piston rises and pushes the water out over the top 
edge. Find the work needed to push all the water 
out and plot the process in a P-V diagram. 

4.1437 Ammonia (1 Ibm) in a piston/cylinder at 30 psia, 
20 F is heated in a process in which the pres- 
sure varies linearly with the volume to a state of 
240 F, 40 psia. Find the work the ammonia gives 
out in the process. 

4.144E Consider a mass going through a polytropic pro- 
cess w here pressure i s di recti y proporti onal to vol- 
ume ( n = -1). The process starts with P = 0, 
1/ = 0 and ends with P — 90 lbf/in. 2 , V = 0.4 ft 3 . 
The physical setup could be as in Problem 2.89. 
Find the boundary work done by the mass. 

4.1457 Helium gas expands from 20 psia, 600 R, and 
9 ft 3 to 15 psia in a polytropic process with 
n — 1.667. H ow much work does it give out? 

4.1467 The piston/cylinder shown in Fig. P4.51 contains 
carbon dioxide at 50 lbf/in. 2 , 200 F with a vol- 
ume of 5 ft 3 . M ass is added at such a rate that the 
gas compresses accordi ng to the rel ation P 1/ 12 = 
constant to a final temperature of 350 F. Deter- 
mine the work done during the process. 


4.147E A piston/cylinder contains water at 900 F, 400 
psia. It is cooled in a polytropic process to 
400 F, 150 psia. Find the polytropic exponent and 
the specific work in the process. 

4.1487 Consider a two-part process with an expansion 
from 3 to 6 ft 3 at a constant pressure of 20 lbf/in. 2 
followed by an expansion from 6 to 12 ft 3 with a 
linearly rising pressure from 20 lbf/in. 2 ending at 
40 lbf/in. 2 . Show the process in a P-V diagram 
and find the boundary work. 

4.1497 A cylinder containing 2 Ibm of ammonia has an 
externally loaded piston. Initially the ammonia is 
at 280 lbf/in. 2 , 360 F. It is now cooled to saturated 
vapor at 105 F and then further cooled to 65 F, 
at which point the quality is 50%. Find the total 
work for the process, assuming piecewise linear 
variation of P versus V . 

4.1507 A piston/cylinder has 2 Ibm of R-134a at state 1 
with 200 F, 90 lbf/in. 2 , and isthen brought to sat- 
urated vapor, state 2, by cooling while the piston 
is locked with a pin. Now the piston is balanced 
with an additional constant force and the pin is 
removed. The cooling continues to state 3, where 
the R-134a is saturated liquid. Show the processes 
in a P-V diagram and find the work in each of the 
two steps, 1 to 2 and 2 to 3. 

4.151E A pi ston/cylinder contains air at 150 psia, 1400 R 
with a volume of 1.75 ft 3 . The piston is pressed 
against the upper stops (see Fig. P4.12c), and it 
will float at a pressure of 110 psia. Now the air is 
cooled to 700 R. What is the process work? 

4.152 A 1-ft-long steel rod with a 0.5-in. diameter is 
stretched in a tensile test. What is the work re- 
quired to obtain a relative strain of 0.1%? The 
modulus of elasticity of steel is 30 x 10 6 Ibf/ 
in. 2 . 

4.1537 A force of 300 Ibf moves a truck at a speed of 
40 mi/h up a hill. W hat is the power? 

4.154 A 1200-hp dragster engine drives the car at a 
speed of 65 mi/h. How much force is between 
the tires and the road? 

4.1557 A 100-hp car engine has a drive shaft rotating at 
2000 RPM . How much torque is on the shaft for 
25% of full power? 

4.1567 An escalator raises a 200-lbm bucket of sand 
30 ft in 1 min. Determine the rate of work in the 
process. 
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4.157E A piston/cylinder of diameter 10 in. moves a 
piston with a velocity of 18 ft/s. The instanta- 
neous pressure is 100 psia. What is the volume 
displacement rate, the force, and the transmitted 
power? 

4.158L Find the rate of conduction heat transfer through 
a 1.5-cm-thick hardwood board, k = 0.09 Btu/h- 
ft-R, with a temperature difference between the 
two sides of 40 F. 

4.159 The sun shines on a 1500-ft 2 road surface so that 
it is at 115 F. Below the 2-in. -thick asphalt, aver- 
age conductivity of 0.035 Btu/h ft F, is a layer of 
compacted rubble at a temperature of 60 F. Find 
the rate of heat transfer to the rubble. 

4.160E A water heater is covered up with insulation 
boards over a total surface area of 30 ft 2 . The 
inside board surface is at 175 F, the outside sur- 
face is at 70 F, and the board material has a con- 
ductivity of 0.05 Btu/h ft F. Flow thick should 
the board be to limit the heat transfer loss to 720 
Btu/h? 


4.161E The black grille on the back of a refrigerator has 
a surface temperature of 95 F with a total surface 
area of 10 ft 2 . FI eat transfer to the room air at 70 F 
takes pl ace with an average convective heat trans- 
fer coefficient of 3 Btu/h ft 2 R. Flow much energy 
can be removed during 15 min of operation? 

4.162E A cylinder having an initial volumeof 100 ft 3 con- 
tains 0.2 Ibm of water at 100 F. The water is then 
compressed in an isothermal quasi -equilibrium 
process until it has a quality of 50%. Calcu- 
late the work done in the process, assuming that 
water vapor is an ideal gas. 

4.163E Find the specific work for Problem 3.169E. 

4.164E The gas space above the water in a closed storage 
tank contains nitrogen at 80 F, 15 I bf/in. 2 . The to- 
tal tank volume is 150 ft 3 , and there is 1000 Ibm 
of water at 80 F. An additional 1000 Ibm of water 
is now forced into the tank. Assuming constant 
temperature throughout, find the final pressure of 
the nitrogen and the work done on the nitrogen in 
this process. 
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4.165 In Problem 4.51, determine the work done by the 
carbon dioxide at any point during the process. 

4.166 In Problem 4.128, determine the work done by the 
air at any point during the process. 

4.167 A piston/cylinder arrangement of initial volume 
0.025 m 3 contains saturated water vapor at 200°C . 
The steam now expands in a quasi -equilibrium 
isothermal process to a final pressure of 200 kPa 
whileitdoeswork against thepiston. Determinethe 
work done in this process by a numerical integra- 
tion (summation) of the area below theP-l/ process 
curve. C ompute about 10 poi nts al ong the curve by 
using the computerized software to find the volume 
at 200°C and the various pressures. Flow different 
is the work calculated if ideal gas is assumed? 

4.168 Reconsider the process in Problem 4.65, in which 
three stateswere specified. Solvethe problem by fit- 
ting a single smooth curve (P versus v) through the 
three points. M ap out the path followed (including 
temperature and quality) during the process. 

4.169 W ritea computer program to determinethe bound- 
ary movement work for a specified substance un- 
dergoing a process for a given set of data (values 


of pressure and corresponding volume during the 
process). 

4.170 Ammonia vapor is compressed inside a cylinder by 
an external force acting on the piston. The ammonia 
is initially at30°C, 500 kPa, and thefinal pressure is 
1400 kPa. The following data have been measured 
for the process: 


Pressure, 

kPa 

500 

653 

802 

945 

1100 

1248 

1400 

Volume, L 

1.25 

1.08 

0.96 

0.84 

0.72 

0.60 

0.50 


Determinethe work done by the ammonia by sum- 
ming the area bel ow the P - V process curve. A s you 
plot it, P is the height and the change in volume is 
the base of a number of rectangles. 

4.171 A substance is brought from a state of Pi, v : to 
a state of P 2 , ^2 in a piston/cylinder arrangement. 
Assume that the process can be approximated as a 
polytropic process. Write a program that will find 
the polytropic exponent, n, and the boundary work 
per unit mass. The four state properties are input 
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variables. Check the program with cases that you 
can easily hand calculate. 

4.172 Assume that you have a plate of A = 1 m 2 with 
thickness L = 0.02 m over which there is a tem- 
perature difference of 20°C. Find the conductivity, 
k, from the literature and compare the heat transfer 
ratesif the plate substanceisa metal likealuminum 
or steel, or wood, foam insulation, air, argon, or liq- 


uid water. Assume that the average substance tem- 
perature is 25°C. 

4.173 Make a list of household appliances such as re- 
frigerators, electric heaters, vacuum cleaners, hair 
dryers, TVs, stereo sets, and any others you may 
think of. For each, list its energy consumption and 
explain where energy transfer occurs as work and 
where heat transfer occurs. 


The First Law of 
Thermodynamics 


Having completed our review of basic definitions and concepts, we are ready to discuss 
the first law of thermodynamics. This law is often called the conservation of energy 
law and, as we will see later, this is essentially true. Our procedure will be to state this 
law for a system (control mass) undergoing a cycle and then for a change of state of a 
system. 

After the energy equation is formulated, we will use it to relate the change of state 
insidea control volume to theamount of energy that is transferred in a process as work or heat 
transfer. When a car engine has transferred some work to the car, the car's speed is increased, 
so we can relate the kinetic energy increase to the work; or, if a stove provides a certain 
amount of heat transfer to a potwith water, wecan relate the water temperature increase to 
the heat transfer. M ore complicated processes can also occur, such as the expansion of very 
hot gases in a piston cylinder, as in a car engine, in which work is given out and at the same 
time heat is transferred to the colder walls. In other applications wecan also see a change in 
state without any work or heat transfer, such as a falling object that changes kinetic energy 
at the same time it is changing elevation. The energy equation then relates the two forms of 
energy of the object. 


5.1 


THE FIRST LAW OF THERMODYNAMICS FOR 
A CONTROL MASS UNDERGOING A CYCLE 


The first law of thermodynamics states that during any cycle a system (control mass) 
undergoes, the cyclic integral of the heat is proportional to the cyclic integral of the 
work. 

To illustrate this law, consider as a control mass the gas in the container shown in 
Fig. 5.1. Let this system go through a cycle that is made up of two processes. In the first 
process, work is done on the system by the paddle that turns as the weight is lowered. Let 
the system then return to its initial state by transferring heat from the system until the cycle 
has been completed. 

Historically, work was measured in mechanical units of force times distance, such as 
foot pounds force or joules, and heat was measured in thermal units, such as the British 
thermal unit or the calorie. M easurements of work and heat were made during a cycle for 
a wide variety of systems and for various amounts of work and heat. When the amounts 
of work and heat were compared, it was found that they were always proportional. Such 
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observations led to the formulation of the first law of thermodynamics, which in equation 
form is written 

j <j>8Q = j>8\N (5.1) 

The symbol / SQ , which is called the cyclic integral of the heat transfer, represents the net 
heat transfer during the cycle, and <f 51/1/ , the cyclic integral of the work, represents the net 
work during the cycle. Here,./ is a proportionality factor that depends on the units used for 
work and heat. 

The basis of every law of nature is experimental evidence, and this is true also of the 
first law of thermodynamics. M any different experiments have been conducted on the first 
law, and every one thus far has verified it either directly or indirectly. The first law has never 
been disproved. 

As was discussed in Chapter 4, the units for work and heat or for any other form of 
energy either are the same or are directly proportional, in SI units, the joule is used as the 
unit for both work and heat and for any other energy unit. In English units, the basic unit 
for work is the foot pound force, and the basic unit for heat is the British thermal unit (Btu). 
J ames P. J oule (1818-1889) did the first accurate work in the 1840s on measurement of the 
proportionality factor J , which relates these units. Today, the Btu is defined in terms of the 
basic SI metric units, 

1 Btu = 778.17 ft Ibf 

This unit is termed the International British thermal unit. For much engineering work, 
the accuracy of other data does not warrant more accuracy than the relation 1 Btu = 
778 ft Ibf, which is the value used with English units in the problems in this book. Because 
these units are equivalent, it is not necessary to include the factor 7 explicitly in Eq. 5.1, but 
simply to recognize that for any system of units, each equation must have consistent units 
throughout. Therefore, we may write Eq. 5.1 as 



which can be considered the basic statement of the irst law of thermodynamics. 


5.2 


THE FIRST LAW OF THERMODYNAMICS FOR 
A CHANGE IN STATE OF A CONTROL MASS 


Equation 5.2 states the first law of thermodynamics for a control mass during a cycle. M any 
times, however, we are concerned with a process rather than a cycle. We now consider the 
first law of thermodynamics for a control mass that undergoes a change of state. We begin 
by introducing a new property, energy, which is given the symbol E. Consider a system 
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ThamHer 


that undergoes a cycle in which it changes from state 1 to state 2 by process/! and returns 
from state 2 to state 1 by process 8. This cycle is shown in Fig. 5.2 on a pressure (or other 
intensive property)- volume (or other extensive property) diagram. From the first law of 
thermodynamics, Eg. 5.2, we have 




SO 


i 


51/1/ 


Considering the two separate processes, we have 

j\o A + J\q b =J\w a +£ 


51/1/ r 


Now consider another cycle in which the control mass changes from state 1 to state 2 by 
process C and returns to state 1 by process 8, as before. For this cycle we can write 


J\q c + £sQb = [ 8W c + £ 


51/1/ £ 


Subtracting the second of these equations from the first, we obtain 


J\q a - J\q c =[ 2sw a -f‘ 


51/1/c 


or, by rearranging, 


J (SO -SW) A =J 


51/1/ ) A = / (SO — 51/1/ ) c 


(5.3) 


Since/! and C represent arbitrary processes between states 1 and 2, the quantity 50 - 51/1/ 
is the same for all processes between states 1 and 2. Therefore, 50 -51/1/ depends only on 
theinitial and final states and noton the path followed between the two states. We conclude 
that this is a point function, and therefore it is the differential of a property of the mass. 
This property is the energy of the mass and is given the symbol E. Thus we can write 

dE=S0-SW (5.4) 


Because E is a property, its derivative is written dE. When Eq. 5.4 is integrated from an 
initial state 1 to a final state 2, we have 

E 2 -E 1 = 1 Q 2 -iW 2 (5.5) 

where Eiand E 2 are the initial and final values of the energy E of the control mass, i0 2 is 
the heat transferred to the control mass during the process from state 1 to state 2, and 1 1/1/ 2 
is the work done by the control mass during the process. 


FIGURE 5.2 

Demonstration of the 
existence of 
thermodynamic 
property E. 


P 
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N ote that a control mass may be made up of several different subsystems, as shown 
in Fig. 5.3. In this case, each part must be analyzed and included separately in applying the 
first law, Eq. 5.5. We further note that Eq. 5.5 is an expression of the general form 

A Energy = + in - out 

in terms of the standard sign conventions for heat and work. 

The physical significance of the property E is that it represents all the energy of 
the system in the given state. This energy might be present in a variety of forms, such as 
the kinetic or potential energy of the system as a whole with respect to the chosen coordinate 
frame, energy associated with the motion and position of the molecules, energy associated 
with the structure of the atom, chemical energy present in a storage battery, energy present 
in a charged capacitor, or any of a number of other forms. 

In the study of thermodynamics, it is convenient to consider the bulk kinetic and 
potential energy separately and then to consider all the other energy of the control mass in 
a single property that we call the internal energy and to which we give the symbol U. Thus, 
we would write 


E = Internal energy + kinetic energy + potential energy 


or 


E =U +KE + PE 

The kinetic and potential energy of the control mass are associated with the coordinate 
frame that we select and can be specified by the macroscopic parameters of mass, velocity, 
and elevation. The internal energy U includes all other forms of energy of the control mass 
and is associated with the thermodynamic state of the system. 

Since the terms comprising E are point functions, we can write 

dE = dU +d(KE) + d(PE) (5.6) 

The first law of thermodynamics for a change of state may therefore be written 

dE =dU +d(KE) + d(PE) = SQ -<51/1/ (5.7) 

In words, this equation states that as a control mass undergoes a change of state, 
energy may cross the boundary as either heat or work, and each may be positive or negative. 
The net change in the energy of the system will be exactly equal to the net energy that 



e c 


Qa 


A control 
mass with several 
different subsystems. 
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crosses the boundary of the system. The energy of the system may change in any of three 
ways— by a change in internal energy, in kinetic energy, or in potential energy. 

This section concludes by deriving an expression for the kinetic and potential energy 
of a control mass. Consider a mass that is initially at rest relative to the earth, which is 
taken as the coordinate frame. Letthissystem be acted on by an external horizontal forcef 
that moves the mass a distance dx in the direction of the force. Thus, there is no change in 
potential energy. Let there be no heat transfer and no change in internal energy. Then from 
the first law, Eq. 5.7, we have 

SW = -F dx = -d KE 

But 

r dV dxdV dV 

F =ma=m— =m — — = mV— 
dt dt dx dx 

Then 

dKE = F dx — mVdV 

Integrating, we obtain 

/.KE /-V 

/ dKE = / mV dV 

JKE=0 JV= 0 

KE = ^ mV2 (5.8) 

A similar expression for potential energy can be found. Consider a control mass that 
is initially at rest and at the elevation of some reference level. Let this mass be acted on 
by a vertical forcef of such magnitude that it raises (in elevation) the mass with constant 
velocity an amount dZ. Let the acceleration due to gravity at this point beg. From the first 
law, Eq. 5.7, we have 

SW =-F dZ = -d PE 

F =ma = mg 

Then 

d PE = F dZ — mg dZ 

Integrating gives 

/• PE 2 rZi 

/ dPE=m gdZ 

JPEi JZi 

Assuming thatg does notvary withZ (which is a very reasonable assumption for moderate 
changes in elevation), we obtain 

PE 2 - PEj = mg(Z 2 -Z 1 ) (5.9) 

EXAMPLE 5.1 

A car of mass 1100 kg drives with a velocity such that it has a ki netic energy of 400 kj (see 
Fig. 5.4). Find the velocity. If the car is raised with a crane, how high should it be lifted in 
the standard gravitational field to have a potential energy that equals the kinetic energy? 
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FIGURE 5.4 Sketch 
for Example 5.1 . 


EXAMPLE 5.1 E 



Solution 


The standard kinetic energy of the mass is 

KE = ^mV 2 = 400 kj 
From this we can solve for the velocity: 


V = 



2 x 400 kj 
1100 kg 


/ 800 x 1000 N m /8000kgms~ 2 m 


1100 kg 


11kg 


= 27 m/s 


Standard potential energy is 


PE = mgH 


so when this is equal to the kinetic energy we get 

_ KE: _ 400 000 N m _ ^ 

mg 1100 kg x 9.807 m s^ 2 

N otice the necessity of converting the kj toj in both calculations. 


A car of mass 2400 Ibm drives with a velocity such that it has a kinetic energy of 400 
Btu. Find the velocity. If the car is raised with a crane, how high should it be lifted in the 
standard gravitational field to have a potential energy that equals the kinetic energy? 


Solution 

The standard kinetic energy of the mass is 

KE = mV 2 = 400 Btu 
From this we can solve for the velocity: 


V = 



2 x 400 Btu x 778.17 


ftlbf 

W 


x 32.174 


Ibm ft 


Nl 


91.4 ft/s 


2400 Ibm 
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Standard potential energy is 

PE =mgH 

so when this is equal to the kinetic energy KE we get 

400 Btu x 778.17^ x 32.174^r 
KE Btu Ibfs 2 

n — — zz 

mg 2400 Ibm x 32.174^ 


= 129.7 ft 

Note the necessity of using the conversion constant 32.174 ^ ^ in both calculations. 

Ibfs 2 


Now, substituting the expressions for kinetic and potential energy into Eq. 5.6, we have 

dE = dU + mV dV + mg dZ 

I nteg rating for a change of state from state 1 to state 2 with constant g, we get 

mvl mV 2 

E 2 - Ei=U 2 -Ui + ^ + mgZ 2 -mgZi 

Similarly, substituting these expressions for kinetic and potential energy into Eq. 5.7, 
we have 

d(mV 2 ) 

dE — dU + 2 +d(mgZ) = 8Q - SW (5.10) 

Assuming g is a constant, in the integrated form of this equation, 

m(V 2 — V 2 ) 

U 2 -U 1 + ^2 -+ m 9(Z2-Z 1 ) = 1 Q 2 - 1 W 2 (5.11) 

Three observations should be made regarding this equation. The first observation is 
that the property E , the energy of the control mass, was found to exist, and we were able to 
write the first law for a change of state using Eq. 5.5. However, rather than deal with this 
property E , we find it more convenient to consider the internal energy and the kinetic and 
potential energies of the mass, in general, this procedure will be followed in the rest of this 
book. 

The second observation is that Eqs. 5.10 and 5.11 are in effect a statement of the 
conservation of energy. The net change of the energy of the control mass is always equal to 
the net transfer of energy across the boundary as heat and work. This is somewhat analogous 
to a joint checking account shared by a husband and wife. There are two ways in which 
deposits and withdrawals can be made— either by the husband or by the wife— and the 
balance will always reflect the net amount of the transaction. Similarly, there are two ways 
in which energy can cross the boundary of a control mass— either as heat or as work— and 
the energy of the mass will change by the exact amount of the net energy crossing the 
boundary. The concept of energy and the law of the conservation of energy are basic to 
thermodynamics. 


134 ■ CHAPTER FIVE THE FIRST LAW OF THERMODYNAMICS 


The third observation is that Eqs. 5.10 and 5.11 can give only changes in internal 
energy, kinetic energy, and potential energy. We can learn nothing about absolute values of 
these quantities from these equations. If wewish to assign values to internal energy, kinetic 
energy, and potential energy, we must assume reference states and assign a value to the 
quantity in this reference state. The kinetic energy of a body with zero velocity relative to 
the earth is assumed to be zero. Similarly, the value of the potential energy is assumed to 
be zero when the body is at some reference elevation. With internal energy, therefore, we 
must also have a reference state if we wish to assign values of this property. This matter is 
considered in thefollowing section. 


EXAMF A tank containing a fluid is stirred by a paddle wheel. The work input to the paddle wheel 

is 5090 kj. The heat transfer from the tank is 1500 kj. Consider the tank and the fluid 
inside a control surface and determine the change in internal energy of this control mass. 
The first law of thermodynamics is (Eq. 5.11) 

U 2 ~U! + ± m(V 2 - vl) + mg(Z 2 -Z 1 ) = l Q 2 - 2 W 2 
Since there is no change in kinetic and potential energy, this reduces to 
U 2 -U 1 = 1 Q 2 - l W 2 
U 2 -U 1 = -1500 - (-5090) = 3590 kj 


EXAMP Consider a stone having a mass of 10 kg and a bucket containing 100 kg of liquid water. 

Initially the stone is 10.2 m above the water, and the stone and the water are at the same 
temperature, state 1. The stone then falls into the water. 

Determine AU , AKE, APE, Q , and 1/1/ for thefollowing changes of state, assuming 
standard gravitational acceleration of 9.806 65 m/s 2 . 

a. The stone is about to enter the water, state 2. 

b. The stone has just come to rest in the bucket, state 3. 

c. Heat has been transferred to the surroundings in such an amount that the stone and 
water are at the same temperature, T 1( state 4. 


Analysis and Solution 

The first law for any of the steps is 

0 = AU + AKE + APE + 1/1/ 

and each term can be identified for each of the changes of state. 

a. The stone has fallen fromZj toZ 2 , and we assume no heat transfer as it falls. The water 
has not changed state; thus 

AU = 0 , i<? 2 = 0, il/l l 2 = 0 
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and the first law reduces to 

AKE + APE = 0 

AKE = -APE = -mg{Z 2 -Zi) 

= -10 kg x 9.806 65 m/s 2 x (-10.2 m) 

= 1000J = lkj 
That is, for the process from state 1 to state 2 , 

AK E = 1 kj and APE = -lkJ 

b. For the process from state 2 to state 3 with zero kinetic energy, we have 

APE = 0, 2 Q 3 = 0, 21/1/3 = 0 

Then 

AU + AKE = 0 

AU = - AKE = lkj 

c. In the final state, there is no kinetic or potential energy, and the internal energy is the 
same as in state 1 . 

AU = — 1 kj , AKE = 0, APE = 0, 3I/I/4 = 0 

3Q4 = AU = -lkj 


In-Text Concept Questions 

a. In a complete cycle, what is the net change in energy and in volume? 

b. Explain in words what happens with the energy terms for the stone in Example 5.3. 
What would happen if the object was a bouncing ball falling to a hard surface? 

c. M akea list of at I east five systems that store energy, explaining which form of energy 
is involved. 

d. A constant mass goes through a process in which 100 J of heat transfer comes in and 
100 J of work leaves. Does the mass change state? 


5.3 


INTERNAL ENERGY— A THERMODYNAMIC 
PROPERTY 


internal energy is an extensive property because it depends on the mass of the system. 
Kinetic and potential energies are also extensive properties. 

The symbol U designates the internal energy of a given mass of a substance. Following 
the convention used with other extensive properties, the symbol u designates the internal 
energy per unit mass. We could speak of u as the specific internal energy, as we do with 
specific volume. Flowever, because the context will usually make it clear whether u or U 
is referred to, we will use the term internal energy to refer to both internal energy per unit 
mass and the total internal energy. 

i n C hapter 3 we noted that in the absence of motion, gravity, surface effects, electricity, 
or other effects, the state of a pure substance is specified by two independent properties. 
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It is very significant that, with these restrictions, the internal energy may be one of the 
independent properties of a pure substance. This means, for example, that if we specify 
the pressure and internal energy (with referenceto an arbitrary base) of superheated steam, 
the temperature is also specified. 

Thus, in tables of thermodynamic properties such as the steam tables, the value of 
internal energy can be tabulated along with other thermodynamic properties. Tables 1 and 
2 of the steam tables (Tables B.1.1 and B .1.2) list the internal energy for saturated states. 
Included are the internal energy of saturated liquid Uf, the internal energy of saturated vapor 
u g , and the difference between the internal energy of saturated liquid and saturated 
vapor Ufg. The values are given in relation to an arbitrarily assumed reference state, which, 
for water in the steam tables, is taken as zero for saturated liquid atthetri pie- point temper- 
ature, 0.01°C. All values of internal energy in the steam tables are then calculated relative 
to this reference (note that the reference state cancels out when finding a difference in u 
between any two states). Values for internal energy are found in the steam tables in the same 
manner as for specific volume. In the liquid-vapor saturation region, 

U = U liq + U vap 

or 

mu = m\iqU f + m vap u g 

Dividing by m and introducing the quality x gives 

U = (l-X)Uf +XUg 

U = Uf +XU fg 

As an example, the specific internal energy of saturated steam having a pressure of 
0.6 M Pa and a quality of 95% can be calculated as 

u =u f + xufg = 669.9 + 0.95(1897.5) = 2472.5 kj /kg 

Values for u in the superheated vapor region are tabulated in Table B .1.3, for compressed 
liquid in Table B. 1.4, and for sol id- vapor in Table B. 1.5. 

EXAMPLE 5.4 

Determine themissing property (P, T, orx) and vfor water at each of thefollowing states: 

a. T — 300°C , u = 2780 kj /kg 

b. P = 2000 kPa, u = 2000 kj/kg 

For each case, the two properties given are independent properties and therefore fix the 
state. For each, we must first determine the phase by comparison of the given information 
with phase boundary values. 

a. At 300°C, from Table B.1.1, u g = 2563.0 kj/kg. The given u > u g , so the state is in the 
superheated vapor region atsomeP less than P g , which is 8581 kPa. Searching through 
Table B. 1.3 at 300°C, we find that the value u = 2780 is between given values of u at 
1600 kPa (2781.0) and 1800 kPa (2776.8). Interpolating linearly, we obtain 

P = 1648 kPa 

Note that quality is undefined in the superheated vapor region. At this pressure, by 
linear interpolation, we have v = 0.1542 m 3 /kg. 
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b. At P = 2000 kPa, from Table B .1.2, the given u of 2000 kj/kg is greater than Uf 
(906.4) but less than u g (2600.3). Therefore, this state is in the two-phase region with 
T =Tg = 212. 4°C, and 

u = 2000 = 906.4 + X1693.8, x = 0.6456 

Then, 

v = 0.001 177 + 0.6456 x 0.098 45 = 0.064 74 m 1 2 3 4 5 6 /kg. 


In-Text Concept Questions 

e. Water is heated from 100 kPa, 20°C to 1000 kPa, 200°C. In one case, pressure is 
raised at T = C , then T is raised at P = C . I n a second case, the opposite order is 
used. Does that make a difference for iQ 2 and 1 I/I/ 2 ? 

f. A rigid insulated tank A contains water at 400 kPa, 800°C. A pipe and valve connect 
this to another rigid insulated tank B of equal volume having saturated water vapor at 
100 kPa. The valve is opened and stays open while the water in the two tanks comes 
to a uniform final state. Which two properties determine the final state? 


5.4 


PROBLEM ANALYSIS AND SOLUTION 
TECHNIQUE 


At this point in our study of thermodynamics, we have progressed sufficiently far (that is, 
we have accumulated sufficient tools with which to work) that it is worthwhile to develop a 
somewhat formal technique or procedure for analyzing and solving thermodynamic prob- 
lems. For the time being, it may not seem entirely necessary to use such a rigorous procedure 
for many of our problems, but we should keep in mind that as we acquire more analytical 
tools, the problems that we are capable of dealing with will become much more complicated. 
Thus, it is appropriate that we begin to practice this technique now in anticipation of these 
future problems. 

Our problem analysis and solution technique is contained within the framework of 
the following questions that must be answered in the process of an orderly solution of a 
thermodynamic problem. 


1. What is the control mass or control volume? Is it useful, or necessary, to choose more 
than one? It may be helpful to draw a sketch of the system at this point, illustrating all 
heat and work flows, and indicating forces such as external pressures and gravitation. 

2 . What do we know about the initial state (that is, which properties are known)? 

3 . W hat do we know about the final state? 

4 . What do we know about the process that takes place? Is anything constant or zero? 
Is there some known functional relation between two properties? 

5 . Is it helpful to draw a diagram of the information in steps 2 to 4 (for example, a T-v 
or P-v diagram)? 

6 . W hat is our thermodynamic model for the behavior of the substance (for example, 
steam tables, ideal gas, and so on)? 
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EXAMPLE 5.5 


FIGURE 5.5 Sketch 
for Example 5.5. 


7. What is our analysis of the problem (that is, do we examine control surfaces for various 
work modes or use the first law or conservation of mass)? 

8 . What is our solution technique? In other words, from what we have done so far in 
steps 1-7, how do we proceed to find what is desired? Is a trial-and-error solution 
necessary? 

It is not always necessary to write out all these steps, and in the majority of the examples 
throughout this book we will not do so. However, when faced with a new and unfamiliar 
problem, the student should always at least think through this set of questions to develop 
the ability to solve more challenging problems. In solving the following example, we will 
use this technique in detail. 


A vessel having a volume of 5 m 3 contains 0.05 m 3 of saturated liquid water and 4.95 m 3 
of saturated water vapor at 0.1 M Pa. Heat is transferred until the vessel is filled with 
saturated vapor. Determine the heat transfer for this process. 


Control mass: 
Sketch: 
Initial state: 
Final state: 

Process: 

Diagram: 

Model: 


All the water inside the vessel. 

Fig. 5.5. 

Pressure, volume of liquid, volumeof vapor; therefore, state 1 is fixed. 
Somewhere along the saturated-vapor curve; the water was heated, 
so P 2 > Pi. 

Constant volume and mass; therefore, constant specific volume. 

Fig. 5.6. 

Steam tables. 


Analysis 

From the first law we have 

v 3 _ V 2 

i0 2 = U 2 -U 1 + m 2 2 1 +mg(Z 2 -Zi) + il/l/ 2 

From examining the control surface for various work modes, we conclude that the work 
for this process is zero. Furthermore, the system is not moving, so there is no change in 
kinetic energy. There is a small change in the center of mass of the system, but we will 



ft ft a 
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FIGURE 5.6 Diagram | 

for Example 5.5. V 2 = Vi V 


assume that the corresponding change in potential energy (in kilojoules) is negligible. 
Therefore, 

iQ2 = U 2 -U 1 


Solution 


The heat transfer will be found from the first law. State 1 is known, so U i can be calculated. 
The specific volume at state 2 is also known (from state 1 and the process). Since state 2 
is saturated vapor, state 2 is fixed, as is seen in Fig. 5.6. Therefore, U 2 can also be found. 
The solution proceeds as follows: 


Then 


miiiq 


mi vap 


^liq 

Vf 


0.05 

0.001043 


47.94 kg 



4.95 

1.6940 


2.92 kg 


U i — /T) i liqU i |jq + mi V apUl vap 


= 47.94(417.36) + 2.92(2506.1) = 27 326 kj 

To determine u 2 we need to know two thermodynamic properties, since this determines 
the final state. The properties we know are the quality, x = 100%, and v 2 , the final specific 
volume, which can readily be determined. 


m = mi nq + mi vap = 47.94 + 2.92 = 50.86 kg 

v 2 = - = = 0.098 31 m 3 /kg 

m 50.86 ' 

In Table B.1.2 we find, by interpolation, that at a pressure of 2.03 M Pa, v g = 0.098 31 
m 3 /kg. The final pressure of the steam is therefore 2.03 M Pa. Then 


u 2 = 2600.5 kj /kg 

U 2 = mu 2 — 50.86(2600.5) = 132 261 kj 
iQ 2 = u 2 - U 1 = 132 261 - 27 326 = 104 935 kj 
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EXAMPLE 5.5E 


A vessel having a volume of 100 ft 3 contains 1 ft 3 of saturated liquid water and 99 ft 3 
of saturated water vapor at 14.7 lbf/in. 2 . Heat is transferred until the vessel is filled with 
saturated vapor. Determine the heat transfer for this process. 


Control mass: 
Sketch: 
Initial state: 

Final state: 

Process: 
Diagram: 
M odel : 


All the water inside the vessel. 

Fig. 5.5. 

Pressure, volume of liquid, volume of vapor; therefore, state 1 is 
fixed. 

Somewhere along the saturated-vapor curve; the water was heated, 
so P 2 >P i. 

Constant volume and mass; therefore, constant specific volume. 
Fig. 5.6. 

Steam tables. 


Analysis 


(V 2 — V 2 ) 

First law: i0 2 = U 2 - U i + m— ^ — — + mg(Z 2 - Zi) + \W 2 

By examining the control surface for various work modes, we conclude that the work for 
this process is zero. Furthermore, the system is not moving, so there is no change in kinetic 
energy. There is a small change in the center of mass of the system, but we will assume 
that the corresponding change in potential energy is negligible (compared to other terms). 
Therefore, 


iQ 2 =U 2 -U 1 


Solution 

The heat transfer will be found from thefirst law. State 1 is known, so U 1 can be calculated. 
Also, the specific volume at state 2 is known (from state 1 and the process). Since state 2 
is saturated vapor, state 2 is fixed, as is seen in Fig. 5.6. Therefore, U 2 can also be found. 
The solution proceeds as follows: 


miliq = 


)Aiq 

Vf 


Ml vap 



1 

0.016 72 
99 

26780 - 


= 59.81 Ibm 
3.69 Ibm 


Then 


Cl — m 1 liqUi |jq + m 2 vap^l vap 

= 59.81(180.1) + 3.69(1077.6) = 14 748 Btu 

To determine u 2 we need to know two thermodynamic properties, since this determines 
the final state. The properties we know are the quality, x= 100%, and v 2 , the final specific 
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volume, which can readily be determined. 


m = m i | iq + mi vap = 59.81 + 3.69 = 63.50 Ibm 


V 

v 2 = - 
m 


100 

6150 


= 1.575 ft 3 /lbm 


I n Table F 7.1 of the steam tables we find, by interpolation, that at a pressure of 294 lbf/in. 2 , 
v g = 1.575 ft 3 /lbm. The final pressure of the steam is therefore 294 lbf/in. 2 . Then 


u 2 = 1117.0 Btu/lbm 
U 2 = mu 2 = 63.50(1117.0) = 70 930 Btu 
1 Q 2 = U 2 -U 1 = 70 930 - 14 748 = 56 182 Btu 


5.5 


THE THERMODYNAMIC PROPERTY ENTHALPY 


I n analyzing specific types of processes, we frequently encounter certain combinations of 
thermodynamic properties, which are therefore also properties of the substance undergoing 
the change of state. To demonstrate one such situation, let us consider a control mass 
undergoing a quasi-equilibrium constant-pressure process, as shown in Fig. 5.7. Assume 
that there are no changes in kinetic or potential energy and that the only work done during 
the process is that associated with the boundary movement. Taking the gas as our control 
mass and applying the first law, Eq. 5.11, we have, in terms of Q , 


iQ 2 = U 2 -U 1 + 1 W 2 


The work done can be calculated from the relation 


iW 2 = [ P d V 


Since the pressure is constant, 


iW 2 = P J d V = P (V 2 — l/i) 


Therefore, 



FIGURE 5.7 The 

constant-pressure 

quasi-equilibrium 

process. 


i0 2 = u 2 -u 1 + p 2 v 2 -p 1 v 1 

= (U 2 + P 2 v 2 )-(U 1 + P 1 v 1 ) 

We find that, in this very restricted case, the heat transfer during the process is given 
in terms of the change in the quantity U + PV between the initial and final states. Because 
all these quantities are thermodynamic properties, that is, functions only of the state of the 
system, their combination must also have these same characteristics. Therefore, we find it 
convenient to define a new extensive property, the enthalpy, 

H =U + PV (5.12) 


or, per unit mass, 


h =u + Pv 


(5.13) 
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As for internal energy, we could speak of specific enthalpy, h, and total enthalpy, H. 
However, we will refer to both as enthalpy, since the context will make it cl ear which is being 
discussed. 

The heat transfer in a constant-pressure quasi-equilibrium process is equal to the 
change in enthalpy, which includes both the change in internal energy and the work for this 
particular process. This is by no means a general result. It is valid for this special caseonly 
because the work done during the process is equal to the difference in the PV product for 
the final and initial states. This would not be true if the pressure had not remained constant 
during the process. 

The significance and use of enthalpy are not restricted to the special process just 
described. Other cases in which this same combi nation of properties u + Pv appears will be 
developed later, notably in Chapter 6 where we discuss control volume analyses. Our reason 
for introducing enthalpy at this time is that although the tables in Appendix B list values for 
internal energy, many other tables and charts of thermodynamic properties give values for 
enthalpy but not for internal energy. Therefore, it is necessary to calculate internal energy 
at a state using the tabulated values and Eq. 5.13: 

u = h - Pv 

Students often become confused about the validity of this calculation when analyzing 
system processes that do not occur at constant pressure, for which enthalpy has no physical 
significance. We must keep in mind that enthalpy, being a property, is a state or point 
function, and its use in calculating internal energy at the same state is not related to, or 
dependent on, any process that may betaking place. 

Tabular values of internal energy and enthalpy, such as those included in Tables B.l 
through B. 7, are all relative to some arbitrarily selected base. In the steam tables, the internal 
energy of saturated liquid at 0.01°C is the reference state and is given a value of zero. For 
refrigerants, such as R-134a, R-410a, and ammonia, the reference state is arbitrarily taken 
as saturated liquid at -40°C. The enthalpy in this reference state is assigned the value of 
zero. Cryogenic fluids, such as nitrogen, have other arbitrary reference states chosen for 
enthalpy values listed in their tables. Because each of these reference states is arbitrarily 
selected, it is always possible to have negative values for enthalpy, as for saturated -sol id 
water in Table B.l. 5. When enthalpy and internal energy are given values relative to the 
same reference state, as they are in essentially all thermodynamic tables, the difference 
between internal energy and enthalpy at the reference state is equal to Pv. Si nee the specific 
volumeof theliquid isvery small, this productis negligible as far as the significant figures 
of the tables are concerned, but the principle should be kept in mind, for in certain cases it is 
significant. 

In many thermodynamic tables, values of the specific internal energy u are not given. 
As mentioned earlier, these values can be readily calculated from the relation u = h — Pv, 
though it is important to keep the units in mind. As an example, let us calculate the internal 
energy u of superheated R-134a at 0.4 M Pa, 70°C. 

u = h - Pv 

= 460.55 - 400 x 0.066 48 
= 433.96 kj /kg 

The enthalpy of a substance in a saturation state and with a given quality is found in 
the same way as the specific volume and internal energy. The enthalpy of saturated liquid 
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has the symbol hf, saturated vapor h g , and the increase in enthalpy during vaporization hf g . 
For a saturation state, the enthalpy can be calculated by one of the following relations: 

h = (1 -x)h f +xh g 
h = h f +xh fg 

The enthalpy of compressed liquid water may be found from Table B.1.4. For sub- 
stances for which compressed-liquid tables are not available, the enthalpy is taken as that 
of saturated liquid at the same temperature. 


EXAIVIF A cylinder fitted with a piston has a volume of 0.1 m 3 and contains 0.5 kg of steam at 0.4 

M Pa. FI eat is transferred to the steam until the temperature is 300°C, while the pressure 
remains constant. 

Determine the heat transfer and the work for this process. 


Control mass: 
Initial state: 

Final state: 
Process: 
Diagram: 
Model: 


Water inside cylinder. 

P i, l/i, m; therefore, Vi is known, state 1 is fixed (at Pi, v i( check 
steam tables— two-phase region). 

P 2 , T 2 ', therefore, state 2 is fixed (superheated). 

Constant pressure. 

Fig. 5.8. 

Steam tables. 


Analysis 

There is no change in kinetic energy or potential energy. Work is done by movement at 
the boundary. Assume the process to bequasi-equilibrium. Si nee the pressure is constant, 
we have 

! l/l/ 2 = j P dV =P J dV = P (V 2 - Vi) = m(P 2 v 2 - P 2 Vi) 

Therefore, the first law is, in terms of Q , 

1 Q 2 = m(u 2 - Ui) + il/l/ 2 

= m(u 2 - Ui) + m(P 2 v 2 - P 1 V 1 ) = m(h 2 - h i) 


FIGURE 5.8 The 

constant-pressure 

quasi-equilibrium 

process. 




v 
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Solution 


There is a choice of procedures to follow. State 1 is known, so Vi and hi(or u i) can be 
found. State 2 is also known, so v 2 and h 2 (or u 2 ) can be found. Using the first law and the 
work equation, we can calculate the heat transfer and work. Using the enthalpies, we have 


_ Vi _ 01 

Vl “ 7n ~ 05 
_ 0.1989 _ 
Xl “ 0.4614 “ 


= 0.2 = 0.001 084 + XJ0.4614 


0.4311 


hi = h f +Xih fg 


= 604.74 + 0.4311 x 2133.8 = 1524.7 kj /kg 


h 2 = 3066.8 kj /kg 

iQ 2 = 0.5(3066.8 - 1524.7) = 771.1 kj 


1 1/1/ 2 — m P (v 2 — vi) = 0.5 x 400(0.6548 - 0.2) = 91.0 kj 

Therefore, 

U 2 -U 1 = 1 Q 2 - 1 W 2 = 771.1 - 91.0 = 680.1 kj 
The heat transfer could also have been found from u i and u 2 : 


and 


U ! = Uf +XlUfg 

= 604.31 + 0.4311 x 1949.3 = 1444.7 kj /kg 
u 2 = 2804.8 kj /kg 


iQ 2 = U 2 — Ui + ll/I/ 2 

= 0.5(2804.8 - 1444.7) + 91.0 = 771.1 kj 


Saturated-vapor R-134a is contained in a piston/cylinder at room temperature, 20°C, at 
which point the cylinder volume is 10 L. The external force restraining the piston is now 
reduced, allowing the system to expand to 40 L . We will consider two different situations: 

a. The cylinder is uninsulated. In addition, the external force is reduced very slowly as 
the process takes place. If the work done during the process is 8.0 kj, how much heat 
is transferred? 

b. T he cy I i nder i s i nsul ated . A I so, the external f orce i s reduced rapi dly, causi ng the process 
to occur rapidly, such that the final pressure inside the cylinder is 150 kPa. What are 
the heat transfer and work for this process? 

a. Analysis 

Since the cylinder is not insulated, we assume that heat transfer is possible between the 
room at 20°C and the control mass, the R-134a. Further, since the process takes place 
very slowly, it is reasonable to assume that the temperature of R-134a remains constant at 
20°C. Therefore, 
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Initial state: Temperature, quality ( = 1.0); state 1 known. Volume fixes mass. 

Process: Constant temperature. Work given. 

Final state: Temperature, specific volume; state known. 

Model : R-134a tables. 


There is no change in kinetic energy and negligible change in potential energy, so the first 
law reduces to 

iQ 2 = m(u 2 - Ui) + il/l/ 2 


Solution 


From Table B. 5.1 at 20°C, 


xi = 1.0, 

Pi = P g = 573 kPa, Vi = v g = 0.03606 m 3 /kq. Ui = u g = 389.2 kj /kg 


Vi 0.010 

m = — = ^ = 0.277 kg 

Vi 0.03606 y 

V 2 n n ^ rnr 0.040 
^ x - = 0.03606 x — 


0.144 24 m 3 /kg 


From Table B. 5. 2 at T 2 , v 2 , 


P 2 = 163 kPa, u 2 = 395.8 kj /kg 
Substituting into the first law, 

i <? 2 = 0.277 x (395.8 - 389.2) + 8.0 = 9.83 kj 

b. Analysis 

Si nee the cylinder is insulated and the process takes place rapidly, it is reasonableto assume 
that the process is adiabatic, that is, heat transfer is zero. Thus, 

Initial state: Temperature, quality (= 1.0); state 1 known. Volumefixes mass. 

Process: Adiabatic. iQ 2 = 0. 

Final state: Pressure, specific volume; state known. 

Model: R-134a tables. 


There is no change in kinetic energy and negl i gi bl e change in potential energy, so the first 
law reduces to 

iC >2 = 0 = m(u 2 - u i) + il/l / 2 

Solution 

The values form, u 1; and v 2 are the same as in part a. 

From Table B. 5. 2 at P 2 , v 2 , 

T 2 = 3.3°C, u 2 = 383.4 kj /kg 
Substituting into the first law, 

il/l t 2 = 0.277 x (389.2 - 383.4) = 1.6 kj 
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5.6 


THE CONSTANT-VOLUME AND 
CONSTANT-PRESSURE SPECIFIC HEATS 


In this section we will consider a homogeneous phaseof a substance of constant composition. 
This phase may be a solid, a liquid, ora gas, but no change of phase will occur. We will then 
define a variable termed the specific heat, the amount of heat required per unit mass to raise 
the temperature by one degree. Sinceitwould be of interest to examine the relation between 
the specific heat and other thermodynamic variables, we note first that the heat transfer 
is given by Eq. 5.10. Neglecting changes in kinetic and potential energies, and assuming 
a simple compressible substance and a quasi-equilibrium process, for which the work in 
Eq. 5.10 is given by Eq. 4.2, we have 


SO =dU +<51/1/ =d(J +P dV 


We find that this expression can be evaluated for two separate special cases: 

1. Constant volume, for which the work term (P d V) is zero, so that the specific heat 
(at constant volu is 


W<5Q\ _ _ (dU_ \ 


(5.14) 


2 . Constant pressure, for which the work term can be integrated and the resulting PV 
terms at the initial and final states can be associated with the internal energy terms, 
as in Section 5.5, thereby leading to the conclusion that the heat transfer can be 
expressed i n terms of the enthal py change. T hecorrespondi ng specifi c heat (at constant 
pressure) is 


_ /dh_\ 

p ~ m\ST J p ~ m{wj p ~ \W J p 


(5.15) 


Note that in each of these special cases, the resulting expression, Eq. 5.14 or 5.15, 
contains only thermodynamic properties, from which we conclude that the constant-volume 
and constant-pressure specific heats must themselves be thermodynamic properties. This 
means that, although we began this discussion by considering the amount of heat transfer 
required to cause a unit temperature change and then proceeded through a very specific 
development leading to Eq. 5.14 (or 5.15), the result ultimately expresses a relation among 
a set of thermodynamic properties and therefore constitutes a definition that is independent 
of the particular process leading to it (in the same sense that the definition of enthalpy in the 
previous section is independent of the process used to illustrate one situation in which the 
property is useful in a thermodynamic analysis). As an example, consider the two identical 
fluid masses shown in Fig. 5.9. In the first system 100 kj of heat is transferred to it, and in 
the second system 100 kj of work is done on it. Thus, the change of internal energy is the 
same for each, and therefore the final state and the final temperature are the same in each. In 
accordance with Eq. 5.14, therefore, exactly the same value for the average constant-volume 
specific heat would be found for this substance for the two processes, even though the two 
processes are very different as far as heat transfer is concerned. 
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FIGURE 5.9 Sketch 
showing two ways in 
which a given AU/may 
be achieved. 
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Solids and Liquids 

Asa special case, consider either a solid or a liquid. Since both of these phases are nearly 
incompressible, 

dh = du + d(P v) fs du + 1 / dP (5.16) 

Also, for both of these phases, the specific volume is very small, such that in many cases 

dh^du^CdT (5.17) 

where C is either the constant-volume or the constant-pressure specific heat, as the two 
would be nearly the same. In many processes involving a solid or a liquid, we might further 
assume that the specific heat in Eq. 5.17 is constant (unless the process occurs at low 
temperature or over a wide range of temperatures). Equation 5.17 can then be integrated to 

h 2 -h 1 ~u 2 -u 1 ~C(T 2 -T 1 ) (5.18) 

Specific heats for various solids and liquids are listed in Tables A. 3, A. 4 and F.2, F.3. 

I n other processes for which it is not possible to assume constant specific heat, there 
may be a known relation for C as a function of temperature. Equation 5.17 could then also 
be integrated. 


5.7 


THE INTERNAL ENERGY, ENTHALPY, 
AND SPECIFIC HEAT OF IDEAL GASES 


I n general , for any substance the i nternal energy u depends on the two i ndependent properti es 
specifying the state. For a low-density gas, however, u depends primarily on T and much 
less on the second property, P or v. For example, consider several values for superheated 
vapor steam from Table B .1.3, shown in Table 5.1. From these values, it is evident that u 
depends strongly on T but not much on P. A Iso, we note that the dependence of u on P is 


TABLE 5.1 

Internal E nergy for Superheated Vapor Steam 


T,°C 


P, kPa 


10 

100 

500 

1000 

200 

2661.3 

2658.1 

2642.9 

2621.9 

700 

3479.6 

3479.2 

3477.5 

3475.4 

1200 

4467.9 

4467.7 

4466.8 

4465.6 
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less at low pressure and is much less at high temperature; that is, as the density decreases, 
so does dependence of u on P (or v). It is therefore reasonable to extrapolate this behavior 
to very low density and to assume that as gas density becomes so low that the ideal-gas 
model is appropriate, internal energy does not depend on pressure at all but is a function 
only of temperature. That is, for an ideal gas, 


Pv = RT and u = f(T) only 


(5.19) 


The relation between the internal energy u and the temperature can be established by 
using the definition of constant-volume specific heat given by Eg. 5.14: 


C v = 



Because the internal energy of an ideal gas is not a function of specific volume, for an ideal 
gas we can write 


du = C v0 dT 


(5.20) 


where the subscript 0 denotes the specific heat of an ideal gas. For a given massm, 

dU = mC v o dT (5.21) 

From the definition of enthalpy and the equation of state of an ideal gas, it follows 
that 


h=u + Pv = u + RT 


(5.22) 


Since R is a constant and u is a function of temperature only, it follows that the 
enthalpy, h, of an ideal gas is also a function of temperature only. That is, 

h = f(T) (5.23) 


The relation between enthalpy and temperature is found from the constant-pressure specific 
heat as defined by Eq. 5.15: 


C P = 



Since the enthalpy of an ideal gas is a function of the temperature only and is independent 
of the pressure, it follows that 


dh 

C '" = dT 
dh = C p o dT 


(5.24) 


For a given mass m, 

dH = mC p o dT (5.25) 

The consequences of Eqs. 5.20 and 5.24 are demonstrated in Fig. 5.10, which shows 
two lines of constant temperature. Since internal energy and enthalpy are functions of 
temperature only, these lines of constant temperature are also lines of constant internal 
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P 



FIGURE 5.10 P-v 

diagram for an ideal gas. 


energy and constant enthalpy. From state 1 the high temperature can be reached by a variety 
of paths, and in each case the final state is different. However, regardless of the path, the 
change in internal energy is the same, as is the change in enthalpy, for lines of constant 
temperature are also lines of constant u and constant h. 

Because the internal energy and enthalpy of an ideal gas are functions of temperature 
only, it also follows that the constant-volume and constant-pressure specific heats are also 
functions of temperature only. That is, 

Cvo=f(T), C p o = f(T) (5.26) 

B ecause al I gases approach ideal-gas behavi or as the pressure approaches zero, the ideal-gas 
specific heat for a given substance is often called the zero-pressure specific heat, and the 
zero -pressure, constant-pressure specific heat is given the symbol C p0 . The zero-pressure, 
constant-volume specific heat is given the symbol C„o. Figure 5.11 shows C p0 as a function 


FIGURE 5.11 Heat 
capacity for some gases 
as a function of 
temperature. 
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of temperature for a number of substances. These values are determined by the techniques 
of statistical thermodynamics and will not be discussed here. A brief summary presentation 
of this subject is given in Appendix C. It is noted there that the principal factor causing 
specific heat to vary with temperature is molecular vibration. M ore complex molecules have 
multiple vibrational modes and therefore show greater temperature dependency, as is seen 
in Fig. 5.11. This is an important consideration when deciding whether or not to account 
for specific heat variation with temperature in any particular application. 

A very important relation between the constant-pressure and constant-volume specific 
heats of an ideal gas may be developed from the definition of enthalpy: 

h=u + Pv = u + RT 

Differentiating and substituting Eqs. 5.20 and 5.24, we have 

dh = du + RdT 
C p0 dT = C v0 dT + R dT 


Therefore, 


C p0 — C i/o — R 


(5.27) 


On a mole basis this equation is written 

C p o — C i/o = R (5.28) 

T his tel I s us that the difference between the constant-pressure and constant-vol ume specific 
heats of an ideal gas is always constant, though both are functions of temperature. Thus, we 
need examine only the temperature dependency of one, and the other is given by Eq. 5.27. 

Let us consider the specific heat C p o. There are three possibilities to examine. The 
situation is simplest if we assume constant specific heat, that is, no temperature dependence. 
Then it is possible to integrate Eq. 5.24 directly to 


h 2 -h 1 = C p0 (T 2 -T 1 ) (5.29) 

Wenotefrom Fig. 5.11 the circumstances under which this will bean accurate model. It 
should be added, however, thatitmay bea reasonableapproximation under other conditions, 
especially if an average specific heat in the particular temperature range is used in Eq. 5.29. 
Values of specific heat at room temperature and gas constants for various gases are given 
i n T abl e A .5 and F.4. 

The second possibility for the specific heat is to use an analytical equation for C p0 as 
a function of temperature. Because the results of specific-heat calculations from statistical 
thermodynamics do not lend themselves to convenient mathematical forms, these results 
have been approximated empirically. The equations for C p0 as a function of temperature are 
listed in Table A .6 for a number of gases. 

The third possibility isto integrate the resultsof the calculations of statistical thermo- 
dynamics from an arbitrary reference temperature to any other temperature! and to define 
a function 


hr = f C p o dT 

JTo 
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This function can then be tabulated in a single-entry (temperature) table. Then, between 
any two states 1 and 2, 


h 2 - hi = / C p odT- C p odT =h T2 -h Tl (5.30) 

JTo JTo 

and it is seen that the reference temperature cancels out. This function h T (and a similar 
function u T =h T -RT) is listed for air in Table A. 7 and F.5. These functions are listed for 
other gases in Table A. 8 and F.6. 

To summarize the three possibilities, we note that using the ideal-gas tables, Tables 
A .7 and A .8, gives us the most accurate answer, but that the equations in Table A. 6 would 
giveaclose empirical approximation. Constant specific heatwould be less accurate, except 
for monatomic gases and gases below room temperature. It should be remembered that all 
these results are part of the ideal-gas model, which in many of our problems is not a valid 
assumption for the behavior of the substance. 


Calculate the change of enthalpy as 1 kg of oxygen is heated from 300 to 1500 K .Assume 
ideal-gas behavior. 

Solution 

For an ideal gas, the enthalpy change is given by Eq. 5.24. Flowever, we also need to make 
an assumption about the dependence of specific heat on temperature. Let us solve this 
problem in several ways and compare the answers. 

O ur most accurate answer for the ideal-gas enthal py change for oxygen between 300 
and 1500 K would be from the ideal -gas tables, Table A. 8. This result is, using Eq. 5.30, 


h 2 -h i = 1540.2 - 273.2 = 1267.0 kj /kg 


The empirical equation from Table A .6 should give a good approximation to this 
result. Integrating Eq. 5.24, we have 


hi = 


= f C p o dT — f C pc (6) x 1000 do 

JTi J 0\ 

^ 0.880 - - 


= 1000 


= 1241.5 kj /kg 


.0001 


0.54 


0.33 


- 102 = 1.5 


J 01 = 0.3 


which is lower than the first result by 2.0%. 

If we assume constant specific heat, we must be concerned about what value we are 
going to use. If we use the value at 300 K from Table A .5, we find, from Eq. 5.29, that 


h 2 -hi = C p o (T 2 - T i) = 0.922 x 1200 = 1106.4 kj /kg 

which is low by 12.7%. Flowever, suppose we assume that the specific heat is constant 
at its value at 900 K, the average temperature. Substituting 900 K into the equation for 
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specific heat from Table A .6, we have 

C p0 = 0.88 - 0.0001(0.9) + 0.54(0.9) 2 - 0.33(0.9) 3 
= 1.0767 kj /kg K 

Substituting this value into Eq. 5.29 gives the result 

h 2 -h i = 1.0767 x 1200 = 1292.1 kj /kg 

which is high by about 2.0%, a much closer result than the one using the room temperature 
specific heat. It should be kept in mind that part of the model involving ideal gas with 
constant specific heat also involves a choice of what value is to be used. 


A cylinder fitted with a piston has an initial volume of 0.1 m 3 and contains nitrogen at 150 
kPa, 25°C. The piston is moved, compressing the nitrogen until the pressure is 1 M Pa and 
the temperature is 150°C. During this compression process heat is transferred from the 
nitrogen, and the work done on the nitrogen is 20 kj . Determine the amount of this heat 
transfer. 


Control mass: 
Initial state: 
Final state: 
Process: 
Model: 


N itrogen. 

Pi,Ti,Vi, state 1 fixed. 

P 2 , T 2 ; state 2 fixed. 

Work input known. 

Ideal gas, constant specific heat with value at 300 K, Table A. 5. 


Analysis 

From the first law we have 

Solution 


iO 2 = m(u 2 -Ui) + iW 2 


The mass of nitrogen is found from the equation of state with the value of R from 
Table A. 5: 


m = 


PV 

W 


150 kPa x 0.1m 3 


0.2968 


kj 

kg K 


= 0.1695 kg 


x 298.15 K 


Assuming constant specific heat as given in Table A .5, we have 


i0 2 = mC v q(T 2 - Ti) + i I/I /2 

= 0.1695 kg x 0.745-^— x (150 - 25) K - 20.0 
kg K 

= 15.8-20.0 = -4.2 kj 

It would, of course, be somewhat more accurate to use Table A .8 than to assume constant 
specific heat (room temperature value), but often the slight increase in accuracy does not 
warrant the added difficulties of manually interpolating the tables. 
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A cylinder fitted with a piston has an initial volume of 2 ft 3 and contains nitrogen at 20 
lbf/in. 2 , 80 F. The piston is moved, compressing the nitrogen until the pressure is 160 
lbf/in. 2 and the temperature is 300 F. During this compression process heat is transferred 
from the nitrogen, and the work done on the nitrogen is 9.15 Btu. Determine the amount 
of this heat transfer. 


Control mass: 
Initial state: 
Final state: 
Process: 
Model : 


N itrogen. 

Pi,Ti,V\, state 1 fixed. 

P 2 , T 2 ; state 2 fixed. 

Work input known. 

Ideal gas, constant specific heat with value at 540 R, Table F.4. 


Analysis 

Firstlaw: iQ 2 = m[u 2 - Ui) + iW 2 


Solution 

The mass of nitrogen is found from the equation of state with the value of R from Table 
F.4. 


Ibf 


20^ x 144 x ^2 ft 3 


m = 


P V 

W 


in/ 


ft' 


55.15,^- x 540 R 


Ibm R 


Assuming constant specific heat as given in Table F.4, 


0.1934 Ibm 


i 0 2 = mC v q(T 2 - Ti) + iW 2 

= 0.1934 Ibm x 0.177^- x (300 - 80 )R - 9.15 
Ibm R 

= 7.53 - 9.15 = -1.62 Btu 

it would, of course, be somewhat more accurate to useTable F.6 than to assume constant 
specific heat (room temperature value), but often the slight increase in accuracy does not 
warrant the added difficulties of manually interpolating the tables. 


In-Text Concept Questions 

g. To determine v or u for some liquid or solid, is it more important that I know P orT? 

h. To determine v or u for an ideal gas, is it more important that I know P or T? 

i. I heat 1 kg of a substance at constant pressure (200 kPa) 1 degree. Flow much 
heat is needed if the substance is water at 10°C, steel at 25°C, air at 325 K, or ice 
at -10°C. 
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5.8 


THE FIRST LAW AS A RATE EQUATION 


We frequently find it desirable to use the first law as a rate equation that expresses either the 
instantaneous or average rate at which energy crosses the control surface as heat and work 
and the rate at which the energy of the control mass changes. In so doing we are departing 
from a strictly classical point of view, because basically classical thermodynamics deals 
with systems that are in equilibrium, and time is not a relevant parameter for systems that 
are in equilibrium. However, since these rate equations are developed from the concepts of 
classical thermodynamics and are used in many applications of thermodynamics, they are 
included in this book. This rate form of the first law will be used in the development of the 
first law for the control volume in Section 6.2, and in this form the first law finds extensive 
applications in thermodynamics, fluid mechanics, and heat transfer. 

Consider a time interval St during which an amount of heat <50 crosses the control 
surface, an amount of work <51/1/ is done by the control mass, the internal energy change is 
AU , the kinetic energy change is AKE, and the potential energy change is APE. From the 
first law we can write 


AU + AKE + APE =SQ - 8W 

Dividing by St, we have the average rate of energy transfer as heat work and increase of the 
energy of the control mass: 

AU _ AKE | APE so <5 1/1/ 

~sf + St + ~sF ~ ~st~ ~sf 


Taking the limit for each of these quantities as St approaches zero, we have 


AU du A(KE) d(KE) A(PE) 

lim — = — . Iim = — ; — . 1 1 m 

«-»• o st dt st-> o st dt st -> o st 

8Q 

lim — = Q (the heat transfer rate) 
st 

51/1/ 

lim — = 1/1/ (the power) 

st-» o st 

Therefore, the rate equation form of the first law is 


of (PE ) 
dt 


dU cf(KE) 
dF 4 "^ -4 " 

We could also write this in the form 


cf(PE) 

dt 


= 0 - 1 / 1 / 


d_E_ 

~dt 


0 — IV 


( 5 . 31 ) 


( 5 . 32 ) 
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EXAMPLE 5.11 



FIGURE 5.12 Sketch 
for Example 5.11. 


During the charging of a storage battery, the current / is 20 A and the voltage % is 12.8 
V. The rate of heat transfer from the battery is 10 W. At what rate is the internal energy 
increasing? 


Solution 


Sincechanges in kinetic and potential energy are insignificant, thefirst law can be written 
as a rate equation in the form of Eq. 5.31: 


W =%i = -12.8 x 20 = -256 W = -256 J/s 


Therefore, 


dU_ 

~dt 


0 -1/1/ = —10 - (—256) = 246J /s 


A 25-kg cast-iron wood-burning stove, shown in Fig. 5.12, contains 5 kg of soft pine wood 
and 1 kg of air. All the masses are at room temperature, 20°C, and pressure, 101 kPa. The 
wood now burns and heats all the mass uniformly, releasing 1500 W. Neglect any airflow 
and changes in mass of wood and heat losses. Find the rate of change of the temperature 
(dT /dt) and estimate the time it will take to reach a temperature of 75°C. 

Solution 

C.V.: The iron, wood and air. 

This is a control mass. 

Energy equation rate form: E = Q - 1/1/ 

We have no changes in kinetic or potential energy and no change in mass, so 


0 — fUair^air + f^wood^wood + ^irorWiron 
E = U = m airU air + W wood U wood + m iron U iron 


— (lHaiiT- i/ajr 


+ Hlwood C wood + Uliron C iron) 


dT 

~dt 


N ow the energy equation has zero work, an energy release of Q , and becomes 


dl_ 

~dt 


(fUairC V air + fHwoodf- wood + IHironC iron) “TT — 0 — 0 

dt 


(f^airf- 1/ air + Hlwoodf- wood + ^ironf- iron) 

1500 1/1 / 

1 x 0.717 + 5 x 1.38 + 25 x 0.42 kg (kj /kg) 


= 0.0828 K/s 


156 ■ CHAPTER FIVE THE FIRST LAW OF THERMODYNAMICS 


Assuming the rate of temperature rise is constant, we can find the elapsed time as 


AT 


= 1 


dT dT 

—dt = — At 
dt dt 


Af AT 75-20 
^ A ~ ~dT ~ 0.0828 
dt 


— 664 s = 11 min 


5.9 


CONSERVATION OF MASS 


i n the previous sections we considered the first law of thermodynamics for a control mass 
undergoing a change of state. A control mass is defined as a fixed quantity of mass. The 
question now is whether the mass of such a system changes when its energy changes. If it 
does, our definition of a control mass as a fixed quantity of mass is no longer valid when 
the energy changes. 

We know from relativistic considerations that mass and energy are related by the 
well-known equation 


E = me 2 


(5.33) 


wherec = velocity of light and E = energy. We conclude from this equation that the mass 
of a control mass does change when its energy changes. Let us calculate the magnitude of 
this change of mass for a typical problem and determine whether this change in mass is 
significant. 

Consider a rigid vessel that contains a 1-kg stoichiometric mixture of a hydrocarbon 
fuel (such as gasoline) and air. From our knowledge of combustion, we know that after 
combustion takes place, it will be necessary to transfer about 2900 kj from the system to 
restore it to its initial temperature. From the first law 

iQ 2 = U 2 -U 1 + 1 W 2 

we conclude that since \\N 2 = 0 and 1 Q 2 = -2900 kj, the internal energy of this system 
decreases by 2900 kj during the heat transfer process. Let us now calculate the decrease in 
mass during this process using Eq. 5.33. 

The velocity of light, c, is 2.9979 x 10 8 m/s. Therefore, 

2900 kj = 2 900 000J = m (kg) x (2.9979 x 10 8 m/s) 2 

and so 

m = 3.23 x lO" 11 kg 

Thus, when the energy of the control mass decreases by 2900 kj, the decrease in mass is 
3.23 x lO" 11 kg. 

A change in mass of this magnitude cannot be detected by even our most accurate 
chemical balance. Certainly, a fractional change in mass of this magnitude is beyond the 
accuracy required in essentially all engineering calculations. Therefore, if we use the laws 
of conservation of mass and conservation of energy as separate laws, we will not introduce 
significant error into most thermodynamic problems and our definition of a control mass as 
having a fixed mass can be used even though the energy changes. 
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ENGINEERING APPLICATIONS 


Energy Storage and Conversion 

Energy can be stored in a number of different forms by various physical implementations, 
which havedifferentcharacteristicswith respectto storage efficiency, rateof energy transfer, 
and size (Figs. 5.13-5.16). These systems can also include a possible energy conversion 
that consists of a change of one form of energy to another form of energy. The storage is 
usually temporary, lasting for periods ranging from a fraction of a second to days or years, 
and can be for very small or large amounts of energy. Also, it is basically a shift of the 
energy transfer from a time when it is unwanted and thus inexpensive to a time when it is 
wanted and then often expensive, it is also very important to consider the maximum rate 
of energy transfer in the charging or discharging process, as size and possible losses are 
sensitive to that rate. 

Notice from Fig. 5.13 that it is difficult to have high power and high energy storage 
in the same device, it is also difficult to store energy more compactly than in gasoline. 


Mechanical Systems 

Kinetic energy storage (mainly rotating systems): ^ mV 2 or 

A flywheel stores energy and momentum in its angular motion. It is used to dampen out 
fluctuations arising from single (or few) cylinder engines that otherwise would give an 
uneven rotational speed. The storage is for only a very short time. 

A modern flywheel is used to dampen fluctuations in intermittent power supplies like 
a wind turbine. It can store more energy than the flywheel shown in Fig. 5.14. A bank of 
several flywheels can provide substantial power for 5- 10 minutes. 

A fraction of the kinetic energy in air can be captured and converted into electrical 
power by wind turbines, or the power can be used directly to drive a water pump or other 
equipment. 

Potential energy storage: mgZ or - k x 2 (spring potential energy) 


Electrical Power & Energy 
Storage Comparison 


FIGURE 5.13 Specific 
energy versus specific 
power. 
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FIGURE 5.14 Simple 
flywheel. 




W hen excess power is available, it can be used to pump water up to a reservoir at a higher 
elevation and later can be allowed to run out through a turbine, providing a variable time 
shift in the power going to the electrical grid. 

Air can be compressed into large tanks or volumes (as in an abandoned salt mine) 
using power during a low-demand period. The air can be used later in power production 
when there is a peak demand. 

Oneform of hybrid enginefor a car involves coupling a hydraulic pump/motor to the 
drive shaft. When a braking action is required, the drive shaft pumps hydraulic fluid into 
a high-pressure tank that has nitrogen as a buffer. Then, when acceleration is needed, the 
high-pressure fluid runs backward through the hydraulic motor, adding power to the drive 
shaft in the process. This combination ishighly beneficial forcity driving, such asfora bus 


Upper magnetic bearing 



— Lower magnetic 
bearing 


Carbon-fiber 

flywheel 


Molecular 
vacuum pump 


Synchronous 
. reluctance 
M-G rotor 


Stator 


Modern 

flywheel. 


Liquid cooling 
passages 


Outer housing 



ENGINEERING APPLICATIONS ■ 159 


FIGURE 5.16 Wind 
turbine. 



that stops and starts many times, whereas there is virtually no gain for a truck driving long 
distances on the highway at nearly constant speed. 

Thermal Systems 


Internal energy: mu 

Water can be heated by solar influx, or by some other source to provide heat at a time when 
this source is not available. Similarly, water can be chilled at night to be used the next day 
forair-conditioning purposes. A cool-pack isplaced in the freezer so that the next day itcan 
be used in a lunch box to keep it cool . This is a gel with a high heat capacity or a substance 
that undergoes a phase change. 

Electrical Systems 

Some batteries can only be discharged once, but others can be reused and go through many 
cycles of charging-discharging. A chemical process frees electrons on one of two poles that 
are separated by an electrolyte. The type of pole and the electrolyte give the name to the 
battery, such as a zinc-carbon battery (typical AA battery) or a lead-acid battery (typical 
automobile battery). Newer types of batteries like a Ni-hydride or a lithium-ion battery 
are more expensive but have higher energy storage, and they can provide higher bursts of 
power (Fig. 5.17). 

Chemical Systems 

Various chemical reactions can be made to operate under conditions such that energy can 
be stored at one time and recovered at another time. Small heat packs can be broken to mix 
some chemicals that react and release energy in theform of heat; in other cases, they can be 
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FIGURE 5.17 

Examples of different 
types of batteries. 



glow-sticks that providelight. A fuel cell isalso an energy conversion device that converts a 
flow of hydrogen and oxygen into a flow of water pi us heat and electricity. High-temperature 
fuel cells can use natural gas or methanol as the fuel; in this case, carbon dioxide is also a 
product. 


SUMMARY Conservation of energy is expressed fora cycle, and changes of total energy are then written 
for a control mass. Cinetic and potential energy can be changed through the work of a force 
acting on the control mass, and they are part of the total energy. 

The internal energy and the enthalpy are introduced as substance properties with the 
specific heats (heat capacity) as derivatives of these with temperature. Property variations 
for limited cases are presented for incompressible states of a substance such as liquids 
and solids and for a highly compressible state as an ideal gas. The specific heat for solids 
and liquids changes little with temperature, whereas the specific heat for a gas can change 
substantially with temperature. 

The energy equation isalso shown in a rate fori to cover transient processes. 

You should have learned a number of skills and acquired abilities from studying this 
chapter that will allow you to 

• Recognize the components of total energy stored in a control mass. 

• W rite the energy equation for a single uniform control mass. 

• Find the properties u and h for a given state in the tables in Appendix B. 

• Locatea state in the tables with an entry such as (P, h). 

• Find changes in u and h for liquid or solid states using Tables A .3 and A .4 or F.2 and 
F.3. 

• Find changes in u and h for ideal-gas states using Table A. 5 or F.4. 

• Find changes in u and h for ideal-gas states using Tables A. 7 and A .8 or F.5 and F.6. 

• Recognize that forms for C p in Table A .6 are approximations to what is shown in Fig. 
5.11 and the more accurate tabulations in Tables A .7, A .8, F.5, and F.6. 

• Formulate the conservation of mass and energy for a control mass that goes through 
a process involving work and heat transfers and different states. 
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KEY CONCEPTS 
AND FORMULAS 


• Formulate the conservation of mass and energy for a more complex control mass 
where there are different masses with different states. 

• Use the energy equation in a rate form. 

• K now the difference between the general I aws as the conservati on of mass (conti nuity 
equation), conservation of energy (first law), and the specific law that describes a 
device behavior or process. 


Total energy 
Kinetic energy 
Potential energy 
Specific energy 
Enthalpy 

Two-phase mass average 


E = U + K E + PE = mu + ^mV 2 + mgZ 

KE = ImV 2 
2 

PE = mgZ 
e = u + ^ V 2 + gZ 
h = u + Pv 

U =Uf +XUfg = (1 - x)u f +xu g 
h = h f +xh fg = (1 - x)h f + xh g 


Specific heat, heat capacity 
Solids and liquids 


Ideal gas 


Energy equation rate form 
Energy equation integrated 


M u I ti pie masses, states 



Incompressible, so v = constants Vf and vvery small 
C =C V = C P [Tables A. 3 and A. 4 (F. 2 and F. 3)] 
u 2 - Ui — C (T 2 - Ti) 

h 2 - hi = u 2 - Ui + v(P 2 - Pi) (Often the second term 

is small.) 

h = hf +v f (P - P sa t); u = u f (saturated atsameT) 
h = u + Pv = u + RT (only functions of T) 

„ du „ dh 

Cv = dT :Cp = dT =Cv + R 

u 2 -U\ = J C v dT = C V (T 2 - Ti) 

h 2 -h i = j C p dT =Cp(T 2 -Ti) 

Left-hand side from Table A .7 or A .8, middle from Table 
A .6, and right-hand side from Table A .6 at a T avg or from 
Table A .5 at 25°C 

Left-hand side from Table F.5 or F.6, right-hand side from 
Table F.4 at 77 F 

E = 0 - 1/1/ (rate = + in - out) 

E 2 - Ei = iQ 2 - i\N 2 (change = + in - out) 

m(e 2 - ei) = m{u 2 - Ui) + ^ m(V 2 2 - V 2 2 ) + mg{Z 2 - Z{] 
E = m A e A +m B e B +m c e c H 
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CONCEPT-STUDY GUIDE PROBLEMS 

5.1 What is 1 cal in SI units and what is the name given 
to 1 N m? 

5.2 Why do we write AE or £2 - Ei, whereas we write 
1 O 2 and il/l/ 2 ? 

5.3 If a process in a control mass increases energy 
£2 - Ei > 0, can you say anything about the sign 
for iO 2 and 1 I/I/ 2 ? 

5.4 When you wind up aspring in a toy or stretch a rub- 
ber band, what happens in terms of work, energy, 
and heat transfer? Later, when they are released, 
what happens then? 

5.5 C.V.A is the mass i nside a piston/cyli nder, and C .V. 
B is that mass plus the piston, outside which is the 
standard atmosphere (Fig. P5.5). Write the energy 
equation and work term for the two C .V.s, assuming 
we have a nonzero Q between state 1 and state 2. 



5.6 Saturated water vapor has a maximum for u and h 
at around 235°C. I sit similar for other substances? 


5.7 Some liquid water is heated so that is becomes 
superheated vapor. Do I use u or h in the energy 
equation? Explain. 

5.8 Some liquid water is heated so that it becomes 
superheated vapor. Can I use specific heat to find 
the heat transfer? Explain. 

5.9 Look at the R-410a value for Uf at -50°C. Can the 
energy really be negative? Explain. 

5.10 A rigid tank with pressurized air is used (a) to in- 
crease the volume of a linear spring-loaded pis- 
ton/cylinder (cylindrical geometry) arrangement 
and (b) to blow up a spherical balloon. Assume 
that in both cases P = A + BV with the same A and 
B . W hat i s the expression for the work term i n each 
situation? 

5.11 An ideal gas in a piston/cylinder is heated with 
2 kj during an isothermal process. How much work 
is involved? 

5.12 An ideal gas in a piston/cylinder is heated with 2 
kj during an isobaric process. Is the work positive, 
negative, or zero? 

5.13 You heat a gas 10 K at P = C . W hich one in Table 
A .5 requires most energy? W hy? 

5.14 A 500- W electric space heater with a small fan in- 
side heats air by blowing it over a hot electrical 
wire. For each control volume: (a) wire only, (b) 
all the room air, and (c) total room plus the heater, 
specify thestoage, work, and heat transfer terms as 
+500 W, -500 W, or 0 (neglect any Q through the 
room walls or windos). 


HOMEWORK PROBLEMS 

Kinetic and Potential Energy 

5.15 A piston motion moves a 25-kg hammerhead ver- 
tically down 1 m from rest to a velocity of 50 m/s 
in a stamping machine. W hat is the change in total 
energy of the hammerhead? 

5.16 A steel ball weighing 5 kg rolls horizontally at a 
rate of 10 m/s. If it rolls up an incline, how high up 
will it be when it comes to rest, assuming standard 
gravitation? 

5.17 A 1200-kg car accelerates from zero to 100 km/h 
over a distance of 400 m. The road at the end of the 


400 m is at 10 m higher elevation. W hat is the total 
increase in the car’s kinetic and potential energy? 

5.18 A hydraulic hoist raises a 1750-kg car 1.8 m in an 
auto repair shop. The hydraulic pump has a con- 
stant pressure of 800 kPa on its piston. What is 
the increase in potential energy of the car and how 
much volume should the pump displace to deliver 
that amount of work? 

5.19 Therolling resistanceof a car depends on itsweight 
asE = 0.006 m C a r g. How farwill a 1200-kg car roll 
if the gear is put in neutral when it drives at 90 km/h 
on a level road without air resistance? 
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5.20 A 1200-kg car accelerates from 30 to 50 km/h in 
5 s. How much work input does that require? If it 
continues to accelerate from 50 to 70 km/h in 5 s, 
is that the same? 

5.21 Airplane takeoff from an aircraft carrier is assisted 
by a steam-driven piston/cylinder with an average 
pressure of 1250 kPa. A 17500-kg airplane should 
accelerate from zero to 30 m/s, with 30% of the en- 
ergy coming from the steam piston. Find the needed 
piston displacement volume. 

5.22 Solve Problem 5.21, but assume the steam pressure 
in the cylinder starts at 1000 kPa, dropping linearly 
with volume to reach 100 kPa at the end of the 
process. 

5.23 A 25-kg piston is above a gas in a long vertical 
cylinder. Now the piston is released from rest and 
accelerates up in the cylinder, reaching the end 
5 m higher at a velocity of 25 m/s. The gas pressure 
drops during the process, so the average is 600 kPa 
with an outside atmosphere at 100 kPa. Neglect the 
change in gas kinetic and potential energy and find 
the needed change in the gas volume. 

5.24 A 2-kg piston accelerates to 20 m/sfrom rest. What 
constant gas pressure is required if the area is 10 
cm 2 , the travel is 10 cm, and the outside pressure 
is 100 kPa? 

Properties (u, h) from General Tables 

5.25 Find the phase and the missing properties of P, T , 
v, u, and x for water at 

a. 500 kPa, 100°C 

b. 5000 kPa, u — 800 kj/kg 

c. 5000 kPa, v = 0.06 m 3 /kg 

d. -6°C, v = 1 m 3 /kg 

5.26 Indicate the location of the four states in Problem 
5.25 as points in both the P-v and T-v diagrams. 

5.27 Find the phase and the missing properties of P,T , 
v, u, and x for 

a. Water at 5000 kPa, u = 3000 kj/kg 

b. Ammonia at 50°C, v = 0.08506 m 3 /kg 

c. Ammonia at 28°C, 1200 kPa 

d. R-134a at 20°C, u = 350 kj/kg 

5.28 Fing the missing properties of P , v, u, and x and the 
phase of ammonia, N H 3 . 

a. T = 65°C, P = 600 kPa 

b. T = 20°C, P = 100 kPa 

c. T = 50°C, v = 0.1185 m 3 /kg 


5.29 Find the missing properties of u, h, and x for 

a. Water at 120°C, v = 0.5 m 3 /kg 

b. Water at 100°C, P = 10 M Pa 

c. Nitrogen at 100 K, x = 0.75 

d. Nitrogen at 200 K , P = 200 kPa 

e. Ammonia 100°C, v — 0.1 m 3 /kg 

5.30 Find the missing property of P,T,v,u,h, and x and 
i ndi cate the states i n a P - v and a T-v diagram for 

a. R-410a at 500 kPa, h = 300 kj/kg 

b. R-410a at 10°C,u = 200 kj/kg 

c. R-134a at 40°C, h = 400 kj/kg 

5.31 Find the missing properties. 

a. H 2 0, T = 250°C, P=?u = ? 

v = 0.02 m 3 /kg, 

b. N 2 , T = 120 K , x — ? h = ? 

P =0.8 MPa, 

c. H 2 0, T = - 2°C, u = ?v = ? 

P = 100 kPa, 

d. R-134a, P = 200 kPa, u = ?T=? 

v = 0.12 m 3 /kg, 

5.32 Find the missing property of P , T , v, u, h, and x and 
indicate the states in aP-vand a T -v diagram for 

a. Water at 5000 kPa, u = 1000 kj/kg 

b. R-134a at 20°C,u = 300 kj/kg 

c. N itrogen at 250 K , 200 kPa 

5.33 Find the missing properties for carbon dioxide at 

a. 20°C, 2 M Pa: v = ?andh = ? 

b. 10°C, x = 0.5: T = ?, u = ? 

c. 1 MPa, v = 0.05 m 3 /kg: T = ?,/? = ? 

5.34 Saturated liquid water at 20°C is compressed to a 
h i g h er p ressu re w i th co n sta n t tern peratu re. F i n d th e 
changes in u and h from the initial state when the 
final pressure is 

a. 500 kPa 

b. 2000 kPa 

Energy Equation: Simple Process 

5.35 Saturated vapor R-410a at 0°C in a rigid tank is 
cooled to -20°C. Find the specific heat transfer. 

5.36 A 100-L rigid tank contains nitrogen (N 2 ) at 900 K 
and 3 M Pa. The tank is now cooled to 100 K . W hat 
are the work and heat transfer for the process? 

5.37 Saturated vapor carbon dioxide at 2 MPa in a 
constant- pressure piston/cyl i nder i s heated to 20°C . 
Find the specific heat transfer. 

5.38 Two kilograms of water at 120°C with a qual- 
ity of 25% has its temperature raised 20°C in a 


164 ■ CHAPTER FIVE THE FIRST LAW OF THERMODYNAMICS 


constant-volume process as in Fig. P5. 38. What are 
the heat transfer and work in the process? 



0 0 0 0 


FIGURE P5.38 

5.39 Ammonia at 0°C with a quality of 60% iscontained 
in a rigid 200-L tank. The tank and ammonia are 
now heated to a final pressureof 1 M Pa. Determine 
the heat transfer for the process. 

5.40 A test cylinder with a constant volume of 0.1 L 
contains water at the critical point. It now cools 
to a room temperature of 20°C. Calculate the heat 
transfer from the water. 

5.41 A rigid tank holds 0.75 kg ammonia at 70°C as sat- 
urated vapor. The tank is now cooled to 20°C by 
heat transfer to the ambient. W hich two properties 
determine the final state? Determine the amount of 
work and heat transfer during the process. 

5.42 A cylinder fitted with a frictionless piston contains 
2 kg of superheated ref ri gerant R - 134a vapor at 350 
kPa, 100°C. The cylinder is now cooled so that the 
R-134a remains at constant pressure until it reaches 
a quality of 75%. Calculate the heat transfer in the 
process. 

5.43 Water in a 150-L closed, rigid tank is at 100°C and 
90% quality. The tank is then cooled to -10°C. 
Calculate the heat transfer for the process. 

5.44 A piston/cylinder device contains 50 kg water at 
200 kPa with a volume of 0.1 m 3 . Stops in the cylin- 
der are placed to restrict the enclosed volume to a 
maximum of 0.5 m 3 . The water is now heated un- 
til the piston reaches the stops. Find the necessary 
heat transfer. 

5.45 Find the heat transfer for the process in Problem 
4.33. 

5.46 A 10-L rigid tank contains R-410a at -10°C with 
a quality of 80%. A 10-A electric current (from a 


6-V battery) is passed through a resistor inside the 
tank for 10 min, after which the R-410a tempera- 
ture is 40°C . W hat was the heat transfer to or from 
the tank during this process? 

5.47 A piston/cylinder contains 1 kg water at 20°C with 
volumeO.l m 3 . By mistake someone locks the pis- 
ton, preventing it from moving while we heat the 
water to saturated vapor. Findthefinal temperature 
and the amount of heat transfer i n the process. 

5.48 A piston/cylinder contains 1.5 kg water at 600 kPa, 
350°C.ltisnowcooledina process w herei n pres- 
sure is linearly related to volume to a state of 200 
kPa, 150°C. Plot the P-v diagram for the process, 
and find both the work and the heat transfer in the 
process. 

5.49 Two kilograms of water at 200 kPa with a quality of 
25% has its temperature raised 20°C in a constant- 
pressure process. W hat are the heat transfer and 
work in the process? 

5.50 A water-filled reactorwith a volumeof 1 m 3 is at 20 
M Pa and 360°C and is placed insidea containment 
room, as shown in Fig. P5.50. The room is well in- 
sulated and initially evacuated. Due to a failure, the 
reactor ruptures and the water fills the containment 
room. Find the minimum room volume so that the 
final pressure does not exceed 200 kPa. 



FIGURE P5.50 

5.51 A 25- kg mass moves at 25 m/s. Now a brake system 
brings the mass to a complete stop with a constant 
deceleration over a period of 5 s. Assume the mass 
i s at constant P and T . T he brake energy i s absorbed 
by 0.5 kg of water initially at 20°C and 100 kPa. 
Find the energy the brake removes from the mass 
and the temperature i ncrease of the water, assum i ng 
its pressure is constant. 

5.52 Find the heat transfer for the process in Problem 
4.41. 

5.53 A piston/cylinder arrangement has the piston 
loaded with outside atmospheric pressure and the 
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piston mass to a pressure of 150 kPa, as shown 
in Fig. P5.53. It contains water at -2°C, which is 
then heated until the water becomes saturated va- 
por. Find the final temperature and specific work 
and heat transfer for the process. 


5.57 A closed steel bottle contains carbon dioxide at 
-20°C, x = 20% and the volume is 0.05 m 3 . It has 
a safety valve that opens at a pressure of 6 M Pa. B y 
accident, the bottle is heated until the safety valve 
opens. Find the temperature and heat transfer when 
the valve first opens. 



P 0 






H 2 0 
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FIGURE P5.53 



FIGURE P5.57 


5.54 A constant-pressure piston/cylinder assembly con- 
tains 0.2 kg water as saturated vapor at 400 kPa. 
it is now cooled so that the water occupies half of 
the original volume. Find the heat transfer in the 
process. 

5.55 A cylinder having a piston restrained by a linear 
spring (of spring constant 15 kN/m) contains 0.5 
kg of saturated vapor water at 120°C, as shown in 
Fig. P5.55. FI eat is transferred to the water, caus- 
ing the piston to rise. If the piston's cross-sectional 
area is 0.05 m 2 and the pressure varies linearly with 
volume until a final pressure of 500 kPa is reached, 
find the final temperature in the cylinder and the 
heat transfer for the process. 



FIGURE P5.55 


5.56 A piston/cylinder arrangement with a linear spring 
similar to Fig. P5. 55 contains R-134a at 15°C, x = 
0.6 and a volume of 0.02 m 3 . It is heated to 60°C, at 
which point the specific volume is 0.03002 m 3 /kg. 
F i nd the fi nal pressure, the work, and the heat trans- 
fer in the process. 


5.58 Superheated refrigerant R-134a at 20°C and 0.5 
M Pa is cooled in a piston/cylinder arrangement at 
constant tern perature to a fi nal two- phase state w i th 
quality of 50%. The refrigerant mass is 5 kg, and 
during this process 500 kj of heat is removed. Find 
theinitial and final volumes and the necessary work. 

5.59 A 1-L capsule of water at 700 kPa and 150°C is 
placed in a larger insulated and otherwise evacu- 
ated vessel. The capsule breaks and its contents fill 
the entire volume. If the final pressure should not 
exceed 125 kPa, what should the vessel volumebe? 

5.60 A piston/cylinder contains carbon dioxide at 
-20°C and quality 75%. It is compressed in a pro- 
cess wherein pressure is linear in volume to a state 
of 3 M Pa and 20°C. Find specific heat transfer. 

5.61 A rigid tank is divided into two rooms, both con- 
taining water, by a membrane, as shown in Fig. 
P5.61. Room A is at 200 kPa, v = 0.5 m 3 /kg, 
V A = 1 m 3 , and room B contains 3.5 kg at 0.5 M Pa, 
400°C . T he membrane now ruptures and heat trans- 
fer takes place so that the water comes to a uniform 
state at 100°C. Find the heat transfer during the 
process. 



FIGURE P5.61 
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5.62 Two kilograms of nitrogen at 100 K, x = 0.5 
is heated in a constant-pressure process to 300 
K in a piston/cylinder arrangement. Find the ini- 
tial and final volumes and the total heat transfer 
required. 

5.63 Water in tank /A is at 250 kPa with quality 10% and 
mass 0.5 kg. it is connected to a piston/cylinder 
holding constant pressure of 200 kPa initially with 
0.5 kg water at 400°C. The valve is opened, and 
enough heat transfer takes place to have a final 
uniform temperature of 150°C. Find the final P 
and l/ ; the process work, and the process heat 
transfer. 

5.64 A 10-m-high open cylinder, with A cy i = 0.1 m 2 , 
contains 20°C water above and 2 kg of 20°C wa- 
ter below a 198.5-kg thin insulated floating piston, 
as shown in Fig. P5.64. Assume standard g, P 0 . 
Now heat is added to the water below the piston 
so that it expands, pushing the piston up, causing 
the water on top to spill over the edge. This pro- 
cess continues until the piston reaches the top of 
the cylinder. Find the final state of the water below 
the piston (T , P , v) and the heat added during the 
process. 



FIGURE P5.66 


5.67 Two rigid tanks are filled with water. Tank A is 
0.2 m 3 at 100 kPa, 150°C and tank B is 0.3 m 3 
at saturated vapor of 300 kPa. The tanks are con- 
nected by a pipe with a closed valve. We open the 
valve and let all the water come to a single uniform 
state while we transfer enough heat to have a final 
pressure of 300 kPa. Give the two property val- 
ues that determine the final state and find the heat 
transfer. 



FIGURE P5.67 
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E nergy E quation: M ulti step Solution 

5.68 A piston/cylinder shown in Fig. P5. 68 contains 0.5 
m 3 of R-410a at 2 M Pa, 150°C. The piston mass 
and atmosphere give a pressure of 450 kPa that will 
float the piston. The whole setup cools in a freezer 
maintained at -20°C. Find the heat transfer and 
show the P-v diagram for the process when T 2 = 
-20°C. 


5.65 Assume the same setup as in Problem 5.50, but the 
room has a volume of 100 m 3 . Show that the final 
stateistwo phase and find the final pressure by trial 
and error. 

5.66 A piston/cylinder has a water volume separated in 
V A = 0.2 m 3 and V B — 0.3 m 3 by a stiff membrane. 
The initial state in A is 1000 kPa, x = 0.75 and in 
B it is 1600 kPa and 250°C. Now the membrane 
ruptures and the water comes to a uniform state at 
200°C. What is the final pressure? Find the work 
and the heat transfer in the process. 



FIGURE P5.68 


5.69 A setup like the one in Fig. P5.68 has the R-410a 
initially at 1000 kPa, 50°C of mass 0.1 kg. The 
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balancing equilibrium pressure is 400 kPa, and it 
is now cooled so that the volume is reduced to half 
of the starting volume. Find the heat trasfer for the 
process. 

5.70 A vertical cylinder fitted with a piston contains 5 
kg of R -410a at 10°C, as shown in Fig. P5.70. FI eat 
is transferred to the system, causing the piston to 
rise until it reaches a set of stops, at which point the 
volume has doubled. Additional heat is transferred 
until the temperature inside reaches 50°C, atwhich 
point the pressure inside the cylinder is 1.4 M Pa. 

a. What is the quality at the initial state? 

b. Calculate the heat transfer for the overall pro- 
cess. 



a in 






R-410a 





FIGURE P5.70 


5.71 Find the heat transfer for the process in Problem 
4.68. 

5.72 Ten kilograms of water in a piston/cylinder arrange- 
ment exists as saturated liquid/vapor at 100 kPa, 
with a quality of 50%. The system is now heated 
so that the volume triples. The mass of the piston is 
such that a cylinder pressure of 200 kPa will float 
it, as in Fig. P5.72. Find the final temperature and 
the heat transfer in the process. 



FIGURE P5.72 


5.73 The cylinder volume below the constant loaded 
piston has two compartments, A and B, filled with 


water, as shown in Fig. P5.73. A has 0.5 kg at 200 
kPa and 150°C and B has 400 kPa with a quality of 
50% and a volume of 0.1 m 3 . The valve is opened 
and heat is transferred so that the water comes to 
a uniform state with a total volume of 1.006 m 3 . 
Find the total mass of water and the total initial 
volume. Find the work and the heat transfer in the 
process. 



FIGURE P5.73 


5.74 C al cul ate the heat transfer for the process descri bed 
in Problem 4.65. 

5.75 A rigid tank A of volume 0.6 m 3 contains 3 kg of 
water at 120°C, and rigid tank B is 0.4 m 3 with 
water at 600 kPa, 200°C. They are connected to a 
piston/cylinder initially empty with closed valves 
as shown in Fig. P5.75. The pressure in the cylin- 
der should be 800 kPa to float the piston. N ow the 
valves are slowly opened and heat is transferred so 



FIGURE P5.75 
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that the water reaches a uniform state at 250°C with 
the valves open. Findthefinal volumeand pressure, 
and the work and heat transfer in the process. 

5.76 C al cul ate the heat transfer for the process descri bed 
in Problem 4.73. 

5.77 A cylinder/piston arrangement contains 5 kg of wa- 
ter at 100°C with x = 20% and the piston, of m p = 
75 kg, resting on somestops, similar to Fig. P5.72. 
The outside pressure is 100 kPa, and the cylinder 
area is A = 24.5 cm 2 . Heat is now added until the 
water reaches a saturated vapor state. Find the ini- 
tial volume, final pressure, work, and heat transfer 
terms and show theP-v diagram. 

E nergy E quation: Solids and L iquids 

5.78 I have 2 kg of liquid water at 20°C, 100 kPa. I now 
add 20 kj of energy at constant pressure. How hot 
does the water get if it is heated? How fast does it 
move if it is pushed by a constant horizontal force? 
How high does it go if it is raised straight up? 

5.79 A copper block of volume 1 L is heat treated at 
500°C and now cooled in a 200-L oil bath initially 
at20°C, as shown in Fig. P5.79. Assuming no heat 
transferwith thesurroundi ngs, what is thefi nal tem- 
perature? 



FIGURE P5.79 


5.80 Because a hot water supply must also heat some 
pipe mass as it is turned on, the water does not 
come out hot right away. Assume 80°C liquid wa- 
ter at 100 kPa is cooled to 45°C as it heats 15 kg 
of copper pipe from 20 to 45°C. How much mass 
(kg) of water is needed? 

5.81 In a sink, 5 L of water at 70°C is combined with 
1 kg of aluminum pots, 1 kg of silverware (steel), 
and 1 kg of glass, all put in at 20°C. What is the 
final uniform temperature, neglecting any heat loss 
and work? 

5.82 A house is being designed to use a thick concrete 
floor mass as thermal storage material for solar en- 
ergy heating. The concrete is 30 cm thick, and the 


area exposed to the sun during the daytime is 4 x 
6 m. It is expected that this mass will undergo an 
average temperature rise of about 3°C during the 
day. How much energy will be avail able for heating 
during the nighttime hours? 

5.83 A closed rigid container is filled with 1.5 kg water 
at 100 kPa, 55°C; 1 kg of stainless steel, and 0.5 
kg of polyvinyl chloride, both at 20°C; and 0.1 kg 
air at 400 K, 100 kPa. It is now left alone, with no 
external heat transfer, and no water vaporizes. Find 
the final temperature and air pressure. 

5.84 A car with mass 1275 kg is driven at 60 km/h when 
the brakes are applied quickly to decrease its speed 
to 20 km/h. Assume that the brake pads have a 
0.5-kg mass with a heat capacity of 1.1 kj/kg K 
and that the brake disks/drums are 4.0 kg of steel . 
Further assume that both masses are heated uni- 
formly. Find the temperature increase in the brake 
assembly. 

5.85 A computer cpu chip consists of 50 g silicon, 20 g 
copper, and 50 g polyvinyl chloride (plastic). Itnow 
heats from 15°C to 70°C as the computer is turned 
on. How much energy did the heating require? 

5.86 A 25-kg steel tank initially at-10°C is filled with 
100 kg of milk (assumed to have the same prop- 
erties as water) at 30°C. The milk and the steel 
come to a uniform temperature of +5°C in a stor- 
age room. How much heat transfer is needed for 
this process? 

5.87 A 1-kg steel pot contains 1 kg liquid water, both 
at 15°C. The pot is now put on the stove, where it 
is heated to the boiling point of the water. Neglect 
any air being heated and find the total amount of 
energy needed. 

5.88 A piston/cylinder (0.5 kg steel altogether) main- 
taining a constant pressure has 0.2 kg Ft -134a as 
saturated vapor at 150 kPa. It is heated to 40°C, 
and the steel is at the same temperature as the 
Ft -134a at any time. Find the work and heat transfer 
for the process. 

5.89 An engine, shown in Fig. P5.89, consists of a 
100-kg cast i ran block with a 20-kg al uminum head, 
20 kg of steel parts, 5 kg of engine oil, and 6 kg of 
glycerine (antifreeze). All initial temperatures are 
5°C, and as the engine starts we want to know how 
hot it becomes if it absorbs a net of 7000 kj before 
it reaches a steady uniform temperature. 
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Automobile engine 


Properties (u,h,C v , and C p ), I deal G as 

5.90 U se the i deal -gas ai r Tabl e A .7 to eval uate the heat 
capacity C p at 300 K as a slope of the curve h(T ) 
by Ah/ AT. How much larger is it at 1000 K and at 
1500 K? 

5.91 We want to find the change in u for carbon dioxide 
between 600 K and 1200 K . 

a. Find itfrom a constants from TableA.5. 

b. Find itfrom a C v o evaluated from the equation 
in Table A .6 at the average!. 

c. Find itfrom the values of u listed in Table A .8. 

5.92 We want to find the change in u for carbon dioxide 
between 50°C and 200°C at a pressure of 10 M Pa. 
Find it using ideal gas and Table A. 5, and repeat 
using the B section table. 

5.93 Repeat Problem 5.91 for oxygen gas. 

5.94 Estimate the constant specific heats for R-134a 
from Table B .5.2 at 100 kPa and 125°C. Compare 
this to the specific heats in Table A .5 and explain 
the difference. 

5.95 Water at 400 kPa is raised from 150°C to 1200°C. 
Evaluate the change in specific internal energy us- 
ing (a) the steam tables, (b) the ideal gasTableA.8, 
and the specific heat Table A. 5. 

5.96 Nitrogen at 300 K, 3 M Pa is heated to 500 K. Find 
thechangein enthalpy using (a) TableB .6, (b) Table 
A. 8, and (c) TableA.5. 

5.97 For a special application, we need to evaluate the 
change in enthalpy for carbon dioxide from 30°C 
to 1500°C at 100 kPa. Do this using the constant 
specific heat value from Table A. 5 and repeat using 
Table A .8. W hich table is more accurate? 

5.98 Repeatthe previous problem but use a constant spe- 
cific heat at theaveragetemperaturefrom theequa- 


tion in Table A .6 and also integrate the equation in 
Table A .6 to get the change in enthalpy. 

5.99 Reconsider Problem 5.97, and determine if also us- 
ing Table B. 3 would be more accurate; explain. 

5.100 Water at 20°C and 100 kPa is brought to 100 kPa 
and 1500°C. Find the change in the specific internal 
energy, using the water tables and ideal gas tables. 

5.101 An ideal gas is heated from 500 to 1500 K. Find 
thechangein enthalpy using constant specific heat 
from TableA.5 (room temperature value) and dis- 
cuss the accuracy of the result if the gas is 

a. Argon 

b. Oxygen 

c. Carbon dioxide 

E nergy E quation: I deal G as 

5.102 A iris heated from 300 to 350 K at constant volume. 
Find i<j 2 . What is 1 C /2 if the temperature rises from 
1300 to 1350 K? 

5.103 A 250-L rigidtankcontainsmethaneat500K, 1500 
kPa. It is now cooled down to 300 K . Find the mass 
of methane and the heat transfer using (a) the i deal- 
gas and (b) methane tables. 

5.104 A rigid tank has 1 kg air at 300 K, 120 kPa and it 
is heated by a heater to 1500 K . U se Table A .7 to 
find the work and the heat transfer for the process. 

5.105 A rigid container has 2 kg of carbon dioxide gas at 
100 kPa and 1200 K that is heated to 1400 K . Solve 
for the heat transfer using (a) the heat capacity from 
TableA.5 and (b) properties from Table A. 8. 

5.106 Do the previous problem for nitrogen (N 2 ) gas. 

5.107 A tank has a volume of 1 m 3 with oxygen at 15°C, 
300 kPa. Another tank contains 4 kg oxygen at 
60°C, 500 kPa. The two tanks are connected by 
a pipe and valve that is opened, allowing the whole 
system to come to a single equilibrium state with 
the ambient at 20°C. Find thefinal pressure and the 
heat transfer. 

5.108 Find the heat transfer in Problem 4.43. 

5.109 A 10-m-high cylinder, with a cross-sectional area 
of 0.1 m 2 , has a massless piston at the bottom with 
water at 20°C on top of it, as shown in Fig. P5.109. 
Air at 300 K, with a volume of 0.3 m 3 , under the 
pi ston i s heated so that the pi ston moves up, spi i I i ng 
the waterout over theside. Findthetotal heat trans- 
fer to the air when all the water has been pushed 
out. 
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FIGURE P5.109 


5.110 A piston/cylinder contains air at 600 kPa, 290 K and 
a volume of 0.01 m 3 . A constant-pressure process 
gives 18 kj of work out. Find the final temperature 
of the air and the heat transfer input. 

5.111 An insulated cylinder is divided into two parts of 
1 m 3 each by an initially locked piston, as shown 
in Fig. P5.111. Side A has air at 200 kPa, 300 K, 
and side B has air at 1.0 M Pa, 1000 K . The piston 
is now unlocked so that it is free to move, and it 
conducts heat so that the air comes to a uniform 
temperature T A = T B . Find the mass in both A and 
B and the final T and P . 



5.112 Find the specific heat transfer for the helium in 
Problem 4.62. 

5.113 A rigid insulated tank is separated into two rooms 
by a stiff plate. Room A, of 0.5 m 3 , contains air at 
250 kPa and 300 K and room B, of 1 m 3 , has air 
at 500 kPa and 1000 K . The plate is removed and 
the air comes to a uniform state without any heat 
transfer. Find the final pressure and temperature. 

5.114 A cy I i nder w i th a pi ston restrai ned by a I i near spri ng 
contains 2 kg of carbon dioxide at 500 kPa and 
400°C. it is cooled to 40°C, at which point the pres- 
sure is 300 kPa. Calculate the heat transfer for the 
process. 

5.115 A piston/cylinder has 0.5 kg of air at 2000 kPa, 
1000 K as shown in Fig. P5.115. The cylinder has 


stops, so i/min = 0.03 mi 3 . The air now cools to 
400 K by heat transfer to the ambient. Find the fi- 
nal volume and pressure of the air (does it hit the 
stops?) and the work and heat transfer in the pro- 
cess. 


p o 


II 1 1 

1 1 III 

II 1 1 

1 1 III 

- 

- 



FIGURE P5.115 


5.116 A piston/cyclinder contains 1.5 kg air at 300 K and 
150 kPa. It is now heated in a two-step process: 
first, by a constant-volume process to 1000 K (state 
2) followed by a constant-pressure process to 1500 
K, state 3. Find the heat transfer for the process. 

5.117 Air in a rigid tank is at 100 kPa, 300 K with a vol- 
ume of 0.75 m 3 . The tank is heated to 400 K, state 2. 
Now one side of the tank acts as a piston, letting the 
air expand slowly at constant temperature to state 3 
with a volume of 1.5 m 3 . Find the pressure at states 
2 and 3. Find the total work and total heat transfer. 

5.118 Water at 100 kPa and 400 K is heated electrically, 
adding 700 kj/kg in a constant-pressure process. 
Find the final temperature using 

a. The waterTable B.l 

b. The ideal-gas Table A. 8 

c. Constant specific heat from Table A. 5 

5.119 Air in a piston/cylinder assembly at 200 kPa and 
600 K is expanded in a constant-pressure process 
to twice the initial volume, state 2, as shown in 
Fig. P5.119. The piston is then locked with a pin, 



FIGURE P5.119 
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and heat is transferred to a final temperature of 600 
K . Find P, T , and h for states 2 and 3, and find the 
work and heat transfer in both processes. 

5.120 A spring-loaded piston/cylinder contains 1.5 kg of 
airat27°C and 160 kPa. It is now heated to 900 K in 
a process wherein the pressure is linear in volume 
to a final volume of twice the initial volume. Plot 
the process in aP-v diagram and find the work and 
heat transfer. 

Energy Equation: Polytropic Process 

5.121 A helium gas in a piston/cylinder is compressed 
from 100 kPa, 300 K to 200 kPa in a polytropic 
process with n = 1.5. Find the specific work and 
specific heat transfer. 

5.122 Oxygen at 300kPaand 100°C isinapiston/cylinder 
arrangement with a volume of 0.1 m 3 . It is now 
compressed in a polytropic process with exponent 
n = 1.2 to a final temperature of 200°C. Calculate 
the heat transfer for the process. 

5.123 A piston/cylinder device contains 0.1 kg of air at 
300 K and 100 kPa. The air is now slowly com- 
pressed in an isothermal (T = constant) process to 
a final pressure of 250 kPa. Show the process in 
a P-V diagram, and find both the work and heat 
transfer in the process. 

5.124 A piston/cylinder contains 0.1 kg nitrogen at 100 
kPa, 27°C and it is compressed in a polytropic pro- 
cess with n = 1.25 to a pressure of 250 kPa. Find 
the heat transfer. 

5.125 Flelium gas expands from 125 kPa, 350 K and 
0.25 m 3 to 100 kPa in a polytropic process with 
n = 1.667. Flow much heat transfer is involved? 

5.126 Find the specific heat transfer in Problem 4.52. 

5.127 A piston/cylinder has nitrogen gas at 750 K and 
1500 kPa, as shown in Fig. P5.127. Now it is ex- 
panded in a polytropic process with n = 1.2 to 
P =750kPa. Findthefinal temperature, thespecific 
work, and the specific heat transfer in the process. 



5.128 A gasoline engine hasa piston/cylinder with 0.1 kg 
air at 4 M Pa, 1527°C after combustion, and this is 
expanded in a polytropic process with n = 1.5 to 
a volume 10 times larger. Find the expansion work 
and heat transfer using the heat capacity value in 
Table A. 5. 

5.129 Solve the previous problem using Table A .7. 

5.130 A piston/cylinder arrangement of initial volume 
0.025 m 3 contai ns saturated water vapor at 180°C . 
The steam now expands in a polytropic process with 
exponentn = 1 to a final pressure of 200 kPa while 
itdoes work against the piston. Determine the heat 
transfer for this process. 

5.131 A piston/cylinder assembly in a car contains 0.2 L 
of air at 90 kPa and 20°C, as shown in Fig. P5.131. 
The air is compressed in a quasi-equilibrium poly- 
tropic process with polytropic exponentn = 1.25 
to a final volume six times smaller. Determine the 
final pressure and temperature, and the heat transfer 
for the process. 



1 i FIGURE P5. 131 

5.132 A piston/cylinder assembly has lkg of propane gas 
at 700 kPa and 40°C. The piston cross-sectional 
area is 0.5 m 2 , and the total external force restrain- 
i ng the pi ston is di rectly proportional to the cy I i nder 
volume squared. FI eat is transferred to the propane 
until its temperature reaches 700°C. Determine the 
final pressure inside the cylinder, the work done by 
the propane, and the heat transfer during the pro- 
cess. 

5.133 A piston/cylinder contains pure oxygen at ambient 
conditions 20°C, 100 kPa. The piston is moved to 
a volume that is seven times smaller than the ini- 
tial volume in a polytropic process with exponent 
n — 1.25. Use the constant heat capacity to find the 
final pressure and temperature, the specific work, 
and the specific heat transfer. 

5.134 An air pistol contains compressed air in a small 
cylinder, as shown in Fig. P5.134. Assumethatthe 
volume is 1 cm 3 , the pressure is 1 M Pa, and the 
temperature is 27°C when armed. A bullet, with 


FIGURE P5.127 
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m = 15 g, acts as a piston initially held by a pin 
(trigger); when released, the air expands in an 
isothermal process ( T = constant). If the air pres- 
sure is 0.1 M Pa in the cylinder as the bullet leaves 
the gun, find 

a. the final volume and the mass of air 

b. the work done by the air and work done on the 
atmosphere 

c. the work done to the bullet and the bullet exit 
velocity 



FIGURE P5.134 


5.135 Calculate the heat transfer for the process in Prob- 
lem 4.58. 

Energy Equation in Rate Form 

5.136 A crane uses 2 kW to raise a 100- kg box 20 m. How 
much time does it take? 

5.137 A craneliftsaloadof 450 kg vertically with a power 
input of 1 kW. How fast can thecranelifttheload? 

5.138 A 1.2-kg pot of water at 20°C is put on a stove 
supplying 250 W to the water. W hat is the rate of 
temperature increase (K/s)? 

5.139 The rate of heat transfer to the surroundings from 
a person at rest is about 400 kj/h. Suppose that the 
ventilation system fails in an auditorium contain- 
ing 100 people. Assume the energy goes into the 
air of volume 1500 m 3 initially at 300 K and 101 
kPa. Find the rate (degrees per minute) of the air 
temperature change. 

5.140 A pot of water is boiling on a stove supplying 
325 W to the water. W hat is the rate of mass (kg/s) 
vaporization, assuming a constant pressure pro- 
cess? 

5.141 A 1.2-kg pot of water at 20° C is put on a stove sup- 
plying 250 W to the water. How long will it take to 
cometo a boil (100°C)? 

5.142 A 3-kg mass of nitrogen gas at 2000 K, V = C , 
cools with 500 W. What is dT/dt? 

5.143 A computerin aclosed room of volume200 m 3 dis- 
sipates energy at a rate of 10 kW. The room has 50 
kg of wood, 25 kg of steel, and air, with all material 


at 300 K and 100 kPa. Assuming all the mass heats 
up uniformly, how long will it take to increase the 
temperature 10°C? 

5.144 A drag force on a car, with frontal area A = 2 m 2 , 
driving at 80 km/h in airat20°C, isFd = 0.225A 
p air V 2 . How much power is needed, and what is the 
traction force? 

5.145 A piston/cylinder of cross-sectional area 0.01 m 2 
mai ntai ns constant pressure. 1 1 contai ns 1 kg of wa- 
ter with a quality of 5% at 150°C. If we apply heat 
so that 1 g/s liquid turns into vapor, what is the rate 
of heat transfer needed? 

5.146 A small elevator is being designed for a construc- 
tion site. It is expected to carry four 75-kg work- 
ers to the top of a 100-m-tall building in less than 
2 min. The elevator cage will have a counter- 
weight to balance its mass. What is the small- 
est size (power) electric motor that can drive this 
unit? 

5.147 The heaters in a spacecraft suddenly fail. Heat is 
lost by radiation at the rate of 100 kj/h, and the 
electric instruments generate 75 kj/h. Initially, the 
air is at 100 kPa and 25°C with a volume of 10 m 3 . 
How long will it take to reach an air temperature of 
-20°C? 

5.148 A steam-generating unit heats saturated liquid wa- 
ter at constant pressure of 800 kPa in a piston/ 
cylinder device. If 1.5 kW of power is added by 
heat transfer, find the rate (kg/s) at which saturated 
vapor is made. 

5.149 As fresh poured concrete hardens, the chemical 
transformation releases energy at a rate of 2 W/kg. 
Assume the center of a poured layer does not have 
any heat loss and that it has an average heat capac- 
ity of 0.9 kj/kg K . Find the temperature riseduring 
1 h of the hardening (curing) process. 

5.150 Water is in a piston/cylinder maintaining constant 
P at 700 kPa, quality 90% with a volume of 
0.1 m 3 . A heater is turned on, heating the water 
with 2.5 kW. How long does it take to vaporize all 
the liquid? 

5.151 A 500-W heater is used to melt 2 kg of solid ice at 
-10°C to liquid at +5°C at a constant pressure of 
150 kPa. 

a. Find the change in the total volume of the water. 

b. Find the energy the heater must provide to the 
water. 
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c. Find the time the process will take, assuming 
uniform T in the water. 


Problem Analysis (no numbers required) 

5.152 Consider Problem 5.57 with the steel bottle as C.V. 
Write the process equation that is valid until the 
valve opens, and plot the P-v diagram for the 
process. 

5.153 Consider Problem 5.50. Take the whole room as 
a C.V. and write both conservation of mass and 
conservation of energy equations. W rite equations 
for the process (two are needed) and use them in 
the conservation equations. Now specify the four 
properties that determine theinitial state(two) and 
the final state (two); do you have them all? Count 
unknowns and match them with the equations to 
determine those. 

5.154 Take Problem 5.61 and write the left-hand side 
(storage change) of the conservation equations for 
mass and energy. How should you write m i and 
Eq. 5.5? 

5.155 Consider Problem 5.70. The final state was given, 
but you were not told that the piston hits the stops, 
only that l/ stop = 2 V i. Sketch the possible P-v 
diagram for the process and determine which num- 
bers) you need to uniquely pi ace state 2 in the dia- 
gram. Thereisakink in the process curve; what are 
the coordinates for that state? W rite an expression 
for the work term. 

5.156 Look at Problem 5.115 and plot the P-v diagram 
for the process. Only T 2 is given; how do you deter- 
mine the second property of the final state? What 
do you need to check, and does it influence the work 
term? 


Review Problems 

5.157 Ten kilograms of water in a piston/cylinder setup 
with constant pressure is at 450°C and occupies a 
volume of 0.633 m 3 . The system is now cooled to 
20°C . Show theP -v diagram, and find the work and 
heat transfer for the process. 

5.158 Ammonia (N H 3 ) is contained in a sealed rigid tank 
at 0°C , x = 50% and is then heated to 100°C. Find 
the final state P 2 , u 2 and the specific work and heat 
transfer. 

5.159 Find the heat transfer in Problem 4.122. 


5.160 A piston/cylinder setup contains 1 kg of ammonia 
at 20°C with a volume of 0.1 m 3 , as shown in Fig. 
P5.160. Initially the piston rests on some stops with 
the top surface open to the atmosphere, P 0 , so that 
a pressure of 1400 kPa is required to lift it. To what 
temperature should the ammonia be heated to lift 
the piston? If it is heated to saturated vapor, find the 
final temperature, volume, and heat transfer, i0 2 ■ 



FIGURE P5.160 


5.161 Consider the system shown in Fig. P5.161. Tank 
A has a volume of 100 L and contains saturated 
vapor R-134a at 30°C. When the valve is cracked 
open, R-134aflowsslowly into cylinders. The pis- 
ton requires a pressure of 200 kPa in cylinder B to 
raise it. The process ends when the pressure in tank 
A has fallen to 200 kPa. During this process, heat 
is exchanged with the surroundings such that the 
R-134a always remains at 30°C . Calculate the heat 
transfer for the process. 



- P iston 


FIGURE P5.161 


5.162 Water in a piston/cylinder, similar to Fig. P5.160, 
is at 100°C, x = 0.5 with mass 1 kg, and the pis- 
ton rests on the stops. The equilibrium pressure 
that will float the piston is 300 kPa. The water is 
heated to 300°C by an electrical heater. At what 
temperature would all the liquid begone? Find the 
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final (P ,v), the work, and the heat transfer in the 
process. 

5.163 A rigid container has two rooms filled with water, 
each of 1 m 3 , separated by a wall (see Fig. P5.61). 
Room A has P = 200 kPa with a quality of x = 
0.80. Room B has P = 2 M Pa and T = 400°C. 
The partition wall is removed, and because of heat 
transfer the water comes to a uniform state with a 
temperature of 200°C. Find the final pressure and 
the heat transfer in the process. 

5.164 A piston held by a pin in an insulated cylinder, 
shown in Fig. P5.164, contains 2 kg of water at 
100°C, with a quality of 98%. The piston has a 
mass of 102 kg, with cross-sectional area of 100 
cm 2 , and the ambient pressure is 100 kPa. The pin 
is released, which allows the piston to move. De- 
termine the final state of the water, assuming the 
process to be adiabatic. 



5.165 A piston/cylinder arrangement has a linear spring 
and the outside atmosphere acting on the piston 
shown in Fig. P5.165. It contains water at 3 M Pa 
and 400°C with a volume of 0.1 m 3 . If the piston 
is at the bottom, the spring exerts a force such that 
a pressure of 200 kPa inside is required to balance 
the forces. The system now cools until the pres- 
sure reaches 1 MPa. Find the heat transfer for the 
process. 


5.166 A piston/cylinder setup, shown in Fig. P5. 166, con- 
tains R-410a at -20°C, x = 20%. The volume is 
0.2 m 3 . It is known that l/ stop = 0.4 m 3 , and if the 
piston sits at the bottom, the spring force balances 
the other loads on the piston. The system is now 
heated to 20°C. Find the mass of the fluid and show 
the P - v diagram. Find the work and heat transfer. 



FIGURE P5.166 


5.167 C onsider the piston/cy I i nder arrangement show n i n 
Fig. P5.167. A frictionless piston isfree to move be- 
tween two sets of stops. W hen the piston rests on the 
lower stops, the enclosed volume is 400 L. When 
the piston reaches the upper stops, the volume is 
600 L . The cylinder initially contains water at 100 
kPa, with 20% quality. It is heated until the water 
eventually exists as saturated vapor. The mass of the 
piston requires 300 kPa pressure to move it against 
the outside ambient pressure. Determine the final 
pressure in the cylinder, the heat transfer, and the 
work for the overal I process. 



FIGURE P5.167 



FIGURE P5.165 


5.168 A spherical balloon contains 2 kg of R-410a at 0°C 
with a quality of 30%. This system is heated until 
the pressure in the balloon reaches 1 M Pa. For this 
process, it can be assumed that the pressure in the 
balloon is directly proportional to the balloon di- 
ameter. Flow does pressure vary with volume, and 
what is the heat transfer for the process? 

5.169 A 1-m 3 tank containing air at 25°C and 500 
kPa is connected through a valve to another tank 
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containing 4 kg of air at 60°C and 200 kPa. Now 
the valve is opened and the entire system reaches 
thermal equilibrium with the surroundings at 20°C. 
Assume constant specific heat at 25°C and deter- 
mine the final pressure and the heat transfer. 



FIGURE P5.169 


5.170 Ammonia (2 kg) in a piston/cylinder is at 100 kPa, 
-20°C and is now heated in a polytropic process 
with n = 1.3 to a pressure of 200 kPa. Do not use 
the ideal gas approximation and find T 2 , the work, 
and the heat transfer in the process. 

5.171 A piston/cylinder arrangement B is connected to 
a 1-m 3 tank A by a line and valve, shown in Fig. 
P5.171. initially both contain water, with A at 100 
kPa, saturated vapor and B at 400°C, 300 kPa, 
1 m 3 . The valve is now opened, and the water in 
both A and B comes to a uniform state. 


a. Find the initial mass in A and B. 

b. If the process results i n T 2 = 200°C, find the 
heat transfer and the work. 



FIGURE P5.171 


5.172 A small, flexible bag contains 0.1 kg of ammonia at 
-10°C and 300 kPa. The bag material is such that 
the pressure inside varies linearly with the volume. 
The bag is left in the sun with an incident radiation 
of 75 W, losing energy with an average 25 W to the 
ambient ground and air. After a while the bag is 
heated to 30°C, at which time the pressure is 1000 
kPa. Find the work and heat transfer in the process 
and the elapsed time. 


ENGLISH UNIT PROBLEMS 

E nglish U nit C oncept Problems 

5.173 What is 1 cal in English units? What is 1 Btu in 
ftlbf? 

5.174E Work as F Ax has units of Ibf ft. What is that in 
Btu? 

5.175 Look atthe R -410a value for Uf at -60 F. Can the 
energy really be negative? Explain. 

5.176E An ideal gas in a piston/cylinder is heated with 
2 Btu in an isothermal process. Flow much work 
is involved? 

5.177 You heat a gas 20 R atP = C . W hich gas in Table 
F.4 requires most energy? W hy? 

E nglish U nit Problems 

5.178E A piston motion moves a 50-lbm hammerhead 
vertically down 3 ft from rest to a velocity of 


150 ft/s in a stamping machine. What is the 
change in total energy of the hammerhead? 

5.179E A hydraulic hoist raises a 3650-lbm car 6 ft in an 
auto repair shop. The hydraulic pump has a con- 
stant pressure of 100 lbf/in. 2 on its piston. What 
is the increase in potential energy of the car, and 
how much volume should the pump displace to 
del iver that amount of work? 

5.180E Airplane takeoff from an aircraft carrier is as- 
sisted by a steam-driven piston/cylinder with an 
average pressure of 200 psia. A 38 500-lbm air- 
plane should be accelerated from zero to a speed 
of 100 ft/s, with 30% of the energy coming from 
thesteam piston. Find the needed piston displace- 
ment volume. 

5.181E A piston of 4 Ibm is accelerated to 60 ft/s from 
rest. W hat constant gas pressure is required if the 
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area is 4 in. 2 , the travel distance is 4 in., and the 
outside pressure is 15 psia? 

5.182E Find the missing properties among (P,T,v, u, h) 
together with x, if applicable, and give the phase 
of the substance. 

a. R-410a, T = 50 F, u = 85Btu/lbm 

b. H 2 0, T — 600 F, h — 1322 Btu/lbm 

c. R-410a, P = 150 lbf/in. 2 , h = 135 Btu/lbm 

5.183: Find the missing properties and give the phase of 

the substance. 

a. H 2O, u = 1000 Btu/lbm, h=7v=7 

T = 270 F, x = ? 

b. H 2 0, u = 450 Btu/lbm, T=7x = 7 

P = 1500 lbf/in. 2 , v = 7 

c. R-410a, T = 30 F, h = 7x = 7 

P = 120 lbf/in. 2 , 

5.184 Find the missing properties among (P,T,v, u, h) 
together with x, if applicable, and give the phase 
of the substance. 

a. R-134a, T = 140 F, h = 185 Btu/lbm 

b. N H 3, T = 170 F, P= 60 lbf/in. 2 

c. R-134a, T = 100 F, u = 175 Btu/lbm 

5.185S Saturated vapor R-410a at 30 F in a rigid 
tank is cooled to 0 F. Find the specific heat 
transfer. 

5.186 Saturated vapor R-410a at 100 psia in a constant- 
pressure piston/cylinder is heated to 70 F. Find 
the specific heat transfer. 

5.187E Ammonia at 30 F, quality 60% is contained in a 
rigid 8-ft 3 tank. The tank and ammonia are now 
heated to a final pressure of 150 lbf/in. 2 . Deter- 
mine the heat transfer for the process. 

5.188E A rigid tank holds 1.5 Ibm ammonia at 160 F 
as saturated vapor. The tank is now cooled to 
70 F by heat transfer to the ambient. W hich two 
properties determine the final state? Determine 
the amount of work and heat trasfer during the 
process. 

5.189E A cylinder fitted with a frictionless piston con- 
tains 4 Ibm of superheated refrigerant R-134a va- 
por at 400 lbf/in. 2 , 200 F. The cylinder is now 
cooled so that the R-134a remains at constant 
pressure until it reaches a quality of 75%. Cal- 
culate the heat transfer in the process. 

5.190E Water in a 6-ft 3 closed, rigid tank is at 200 F, 90% 
quality. The tank isthen cooled to 20 F. Calculate 
the heat transfer during the process. 


5.191E A water-filled reactor with a volume of 50 ft 3 is 
at 2000 lbf/in. 2 , 560 F and placed inside a con- 
tainment room, as shown in Fig. P5.50. The room 
is well insulated and initially evacuated. Due to 
a failure, the reactor ruptures and the water fills 
the containment room. Find the minimum room 
volume so that the final pressure does not exceed 
30 lbf/in. 2 

5.192E A piston/cylinder arrangement with a linear 
spring similar to Fig. P5.55 contains R-134a at 
60 F, x = 0.6 and a volume of 0.7 ft 3 . It is heated 
to 140 F, at which point the specific volume is 
0.4413 ft 3 /lbm. Find the final pressure, the work, 
and the heat transfer in the process. 

5.193E A constant-pressure piston/cylinder has 2 Ibm of 
water at 1100 F and 2.26 ft 3 . It is now cooled to 
occupy l/10th of the original volume. Find the 
heat transfer in the process. 

5.194E The water in tank A is at 270 F with quality of 
10% and mass 1 Ibm. It is connected to a pis- 
ton/cylinder holding constant pressure of 40 psia 
initially with 1 Ibm water at 700 F. The valve 
is opened, and enough heat transfer takes place 
to produce a final uniform temperature of 280 F. 
Find the final P and l/, the process work, and the 
process heat transfer. 

5.195E A vertical cylinder fitted with a piston contains 10 
Ibm of R-410a at 50 F, shown in Fig. P5.70. FI eat 
is transferred to the system, causing the piston to 
rise until it reaches a set of stops at which point 
the volume has doubled. Additional heat is trans- 
ferred until the temperature inside reaches 120 F, 
at which point the pressure inside the cylinder is 
200 lbf/in. 2 

a. What is the quality at the initial state? 

b. Calculate the heat transfer for the overall 
process. 

5.196G Two rigid tanks are filled with water as shown in 
Fig. P5.67. Tank A is 7 ft 3 at 1 atm, 280 F and 
tank B is 11 ft 3 at saturated vapor 40 psia. The 
tanks are connected by a pipe with a closed valve. 
We open the valve and let all the water come to 
a single uniform state while we transfer enough 
heat to have a final pressure of 40 psia. Give the 
two property values that determine the final state 
and find the heat transfer. 

5.197 The piston/cylinder shown in Fig. P5.68 contains 
18 ft 3 of R-410a at 300 psia, 300 F. The piston 
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mass and atmosphere gives a pressure of 70 psia 
that w i 1 1 f oat the pi ston . T he w hoi e setup cool s i n 
a freezer mai ntai ned at 0 F. F i nd the heat transfer 
and show the P - v diagram for the process when 
T 2 = 0F. 

5.1987 A setup as in Fig. P5.68 has the R-410a initially 
at 150 psia, 120 F of mass 0.2 Ibm. The balanc- 
ing equilibrium pressure is 60 psia, and it is now 
cooled so that the volume is reduced to half of 
the starting volume. Find the heat transfer for the 
process. 

5.199 I have 4 Ibm of liquid water at 70 F, 15 psia. I now 
add 20 B tu of energy at a constant pressure. FI ow 
hot does it get if it is heated? Flow fast does it move 
if itispushed by a constant horizontal force? Flow 
high does it go if it is raised straight up? 

5.2007 A copper block of volume 60 in. 3 is heat treated 
at 900 F and now cooled in a 3-ft 3 oil bath ini- 
tially at 70 F. Assuming no heat transfer with the 
surroundings, what is the final temperature? 

5.2017 A car with mass 3250 Ibm is driven at 60 mi/h 
when the brakes are applied to quickly decrease 
its speed to 20 mi/h. A ssume the brake pads are 
1 Ibm/in. with a heat capacity of 0.2 Btu/lbm R, 
the brake disks/drums are 8 Ibm of steel, and both 
masses are heated uniformly. Find the tempera- 
ture increase in the brake assembly. 

5.202 A computer cpu chip consists of 0.1 Ibm silicon, 
0.05 Ibm copper, and 0.1 Ibm polyvinyl chloride 
(plastic). It now heats from 60 F to 160 F as the 
computer is turned on. FI ow much energy did the 
heating require? 

5.2037 An engine, shown in Fig. P5.89, consists of a 200- 
Ibm cast iron block with a 40-lbm aluminum head, 
40 Ibm of steel parts, 10 Ibm of engine oil, and 
12 Ibm of glycerine (antifreeze). Everything has 
an initial temperature of 40 F, and as the engine 
starts it absorbs a net of 7000 B tu before it reaches 
a steady uniform temperature. Flow hot does it 
become? 

5.2047 Estimate the constant specific heats for R-134a 
from Table F. 10.2 at 15 psia and 150 F. Compare 
this to the values in Table F.4 and explain the dif- 
ference. 

5.2057 Water at 60 psia is heated from 320 F to 1800 F. 
Evaluate the change in specific internal energy 
using (a) the steam tables, (b) the ideal gas Table 
F.6, and the specific heat, Table F.4. 


5.2067 Airis heated from 540 R to 640 R at 1/ = C . Find 
iq 2 ■ W hat is 1 Q 2 if air is heated from 2400 to 2500 
R? 

5.2077 Water at 70 F, 15 lbf/in. 2 , is broughtto 30 lbf/in. 2 , 
2700 F. Find the change in the specific internal 
energy using the water tables and the ideal-gas 
table. 

5.2087 A closed rigid container is filled with 3 Ibm wa- 
ter at 1 atm, 130 F, 2 Ibm of stainless steel and 
1 Ibm of polyvinyl chloride, both at 70 F, and 
0.2 Ibm of air at 700 R, 1 atm. It is now left 
alone with no external heat transfer, and no wa- 
ter vaporizes. Find the final temperature and air 
pressure. 

5.2097 A 65-gal rigid tank contains methane gas at 900 R, 
200 psia. It is now cooled down to 540 R. Assume 
an ideal gas and find the needed heat transfer. 

5.210E A 30-ft-high cylinder, cross-sectional area 1 ft 2 , 
has a massless piston at the bottom with water 
at 70 F on top of it, as shown in Fig. P5.109. 
Air at 540 R, volume 10 ft 3 under the piston is 
heated so that the piston moves up, spilling the 
water out over the side. Find the total heat trans- 
fer to the air when all the water has been pushed 
out. 

5.211E An insulated cylinder is divided into two parts of 
10 ft 3 each by an initially locked piston. Side A 
has air at 2 atm, 600 R, and side B has air at 10 
atm, 2000 R, as shown in Fig. P5. 111. The piston 
is now unlocked so that it is free to move, and it 
conducts heat so that the air comes to a uniform 
temperature T A =T B . Find the mass in both A 
and 8, and also the final T andP. 

5.212 Oxygen at 50 lbf/in. 2 , 200 F is in a piston/cylinder 
arrangement with a volume of 4 ft 3 . It is now com- 
pressed in a polytropic process with exponent, 
n = 1.2, to a final temperature of 400 F. Calculate 
the heat transfer for the process. 

5.213E A mass of 6 Ibm nitrogen gas at 3600 R, V = C , 
cools with 1 Btu/s. What is dT/dt? 

5.214E FI el i urn gas expands from 20 psia, 600 R, and 
9 ft 3 to 15 psia in a polytropic process with n = 
1.667. Flow much heat transfer is involved? 

5.215E An air pistol contains compressed air in a small 
cylinder, as shown in Fig. P5.134. Assume that 
the volume is 1 in. 3 , pressure is 10 atm, and 
the temperature is 80 F when armed. A bullet, 
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m = 0.04 Ibm, acts as a piston initially held by a 
pin (trigger); when released, the air expands in an 
isothermal process (T = constant). If the air pres- 
sure is 1 atm in the cylinder as the bullet leaves 
the gun, find 

a. the final volume and the mass of air. 

b. the work done by the air and work done on the 
atmosphere. 

c. the work to the bullet and the bullet's exit 
velocity. 

5.216E A computer in a closed room of volume 5000 ft 3 
dissipates energy at a rate of 10 kW. The room has 
100 Ibm of wood, 50 Ibm of steel, and air, with 
all material at 540 R, 1 atm. Assuming all of the 
mass heats up uniformly, how much time will it 
take to increase the temperature by 20 F? 

5.217E A crane uses 7000 Btu/h to raise a 200-lbm box 
60 ft. How much time does it take? 

5.218E Water is in a piston/cylinder maintaining con- 
stantP at 330 F, quality 90%, with a volumeof 4 
ft 3 . A heater is turned on, heating the water with 
10000 Btu/h. What is the elapsed time to vaporize 
all the liquid? 


Review 

5.219E A 20-lb mass of water in a piston/cylinder with 
constant pressure is at 1100 F and a volume of 
22.6 ft 3 . It is now cooled to 100 F. Show the P-v 


diagram and find the work and heat transfer for 
the process. 

5.2201; Ammonia is contained in a sealed, rigid tank at 
30 F, x = 50% and is then heated to 200 F. Find 
the final state P 2 , u 2 and the specific work and 
heat transfer. 

5.221E A piston/cylinder contains 2 Ibm of ammonia at 
70 F with a volume of 0.1 ft 3 , shown in Fig. 
P5.160. Initially the piston rests on some stops 
with the top surface open to the atmosphere, P 0 , 
so a pressure of 40 lbf/in. 2 is required to lift it. To 
what temperature should the ammonia be heated 
to lift the piston? If it is heated to saturated vapor, 
find the final temperature, volume, and the heat 
transfer. 

5.222 A cylinder fitted with a frictionless piston con- 
tains R- 134a at 100 F, 80% quality, at which point 
the volume is 3 gal. The external force on the 
piston is now varied in such a manner that the 
R-134a slowly expands in a polytropic process to 
50 lbf/in. 2 , 80 F. Calculate the work and the heat 
transfer for this process. 

5.223 Water in a piston/cylinder, similarto Fig. P5.160, 
is at 212 F, x = 0.5 with mass 1 1 bm and the piston 
rests on the stops. The equilibrium pressure that 
will float the piston is 40 psia.The water is heated 
to 500 F by an electrical heater. At what temper- 
ature would all the liquid be gone? Find the final 
P ,v, the work, and the heat transfer i n the process. 


COMPUTER, DESIGN, AND OPEN-ENDED PROBLEMS 


5.224 Use the supplied software to track the process in 
Problem 5.42 in steps of 10°C until the two-phase 
region is reached, after that step with jumps of 5% 
in the quality. At each step write out T, x, and 
the heat transfer to reach that state from the initial 
state. 

5.225 Examine the sensitivity of the final pressure to 
the containment room volume in Problem 5.50. 
Solve for the volume for a range of final pressures, 
100-250 kPa, and sketch the pressure versus vol- 
ume curve. 

5.226 Using states with given (P, v) and properties from 
the supplied software, track the process in Problem 


5.55. Select five pressures away from the initial to- 
ward the final pressure so that you can plot the tem- 
perature, the heat added, and the work given out as 
a function of the volume. 

5.227 T rack the process descri bed i n Problem 5.62 so that 
you can sketch the amount of heat transfer added 
and the work given out as a function of the volume. 

5.228 W rite a program to solve Problem 5.84 for a range 
of initial velocities. Let the car mass and final ve- 
locity be input variables. 

5.229 For one of the substances in Table A. 6, compare 
theenthal py change between any two temperatures, 
Ti and T 2 , as calculated by integrating the specific 
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heat equation; by assuming constant specific heat at 
the average temperature; and by assuming constant 
specific heat at temperature T i. 

5.230 Consider a general version of Problem 5.103 with 
a substance listed in Table A. 6. Write a program 
where the initial temperature and pressure and the 
final temperature are program inputs. 

5.231 W rite a program for Problem 5.131, where the ini- 
tial state, the volume ratio, and the polytropic ex- 
ponent are input variables. To simplify the formu- 
lation, use constant specific heat. 

5.232 Examine a process whereby air at 300 K, 100 kPa 
is compressed in a piston/cylinder arrangement to 
600 kPa. Assume the process is polytropic with ex- 
ponents in the 1.2- 1.6 range. Find the work and 
heat transfer per unit mass of air. Discuss the dif- 


ferent cases and how they may be accomplished by 
insulating the cylinder or by providing heating or 
cooling. 

5.233 A cylindrical tank of height 2 m with a cross- 
sectional area of 0.5 m 2 contains hot water at 80°C, 
125 kPa. It is in a room with temperature T 0 = 
20°C, so it slowly loses energy to the room air pro- 
portional to the temperature difference as 

0 loss = C A(T — To) 

with the tank surface area, A, and C is a constant. 
For different values of the constant C , estimate the 
time it takes to bring the water to 50°C. Make 
enough simplifying assumptions so that you can 
solve the problem mathematically, that is find a for- 
mula for T (t). 


First-Law Analysis for 
a Control Volume 


In the preceding chapter we developed the first-law analysis (energy balance) for a control 
mass going through a process. M any applications in thermodynamics do not readily lend 
themselves to a control mass approach but are conveniently handled by the more general 
control volumetechnique, as discussed in Chapter 2. This chapter is concerned with devel- 
opment of the control volume forms of the conservation of mass and energy in situations 
where flows of substance are present. 


6.1 


CONSERVATION OF MASS 
AND THE CONTROL VOLUME 


A control volume is a volume in space of interest for a particular study or analysis. The 
surface of this control volume is referred to as a control surface and always consists of 
a closed surface. The size and shape of the control volume are completely arbitrary and 
are so defined as to best suit the analysis to be made. The surface may be fixed, or it may 
move so that it expands or contracts. However, the surface must be defined relative to some 
coordinate system. In some analyses it may be desirable to consider a rotating or mov- 
ing coordinate system and to describe the position of the control surface relative to such a 
coordinate system. 

M ass as well as heat and work can cross the control surface, and the mass in the 
control volume, as well as the properties of this mass, can change with time. Figure 6.1 
shows a schematic diagram of a control volume that includes heat transfer, shaft work, 
moving boundary work, accumulation of mass within the control volume, and several mass 
flows. It is important to identify and label each flow of mass and energy and the parts of the 
control volume that can store (accumulate) mass. 

Let us consider the conservation of mass law as it relates to the control volume. The 
physical law concerning mass, recalling Section 5.9, says that we cannot create or destroy 
mass. We will express this law in a mathematical statement about the mass in the control 
volume. To do this, we must consider all the mass flows into and out of the control volume 
and the net increase of mass within the control volume. Asa somewhat simpler control 
volume, we consider a tank with a cylinder and piston and two pipes attached, as shown in 
Fig. 6.2. The rate of change of mass inside the control volume can be different from zero if 
we add or take a flow of mass out as 


180 


Rate of change = +in - out 
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FIGURE 6.1 

Schematic diagram of a 
control volume showing 
mass and energy 
transfers and 
accumulation. 
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which states that if the mass inside the control volume changes with time, it is because 
we add some mass or take some mass out. There are no other means by which the mass 
inside the control volume could change. Equation 6.1 expressing the conservation of mass 
is commonly termed the continuity equation. While this form of the equation is sufficient 
for the majority of applications in thermodynamics, it is frequently rewritten in terms of the 
local fluid properties in the study of fluid mechanics and heat transfer. In this book we are 


FIGURE 6.2 

Schematic diagram of a 
control volume for the 
analysis of the continuity 
equation. 
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EXAMPLE 6.1 



FIGURE 6.3 The flow across a control volume surface 
with a flow cross-sectional area of A. Average velocity is 
shown to the left of the valve and a distributed flow 
across the area is shown to the right of the valve. 


mainly concerned with the overall mass balance and thus consider Eq. 6.1 as the general 
expression for the continuity equation. 

Since Eq. 6.1 is written for the total mass (lumped form) inside the control volume, 
we may have to consider several contributions to the mass as 

m c .v. = J pdV = J (1 /v)dV = m A +m B +m c H 

Such a summation is needed when the control volume has several accumulation units with 
different states of the mass. 

Let us now consider the mass flow rates across the control volume surface in a little 
more detail. For simplicity we assume the fluid is flowing in a pipe or duct as illustrated in 
Fig. 6.3. We wish to relate the total flow rate that appears in Eq. 6.1 to the local properties of 
the fluid state. The flow across the control volume surface can be indicated with an average 
velocity shown to the left of the valve or with a distributed velocity over the cross section, 
as shown to the right of the valve. 

The volume flow rate is 

V =VA = J V| 0ca , dA (6.2) 

so the mass flow rate becomes 

m = PavgV =V/v = J (Viocai/v)cM = VA/v (6.3) 

where often the average velocity is used. It should be noted that this result, Eq. 6.3, has been 
developed for a stationary control surface, and we tacitly assumed the flow was normal to 
the surface. This expressi on for the mass fl ow rate appl i es to any of the vari ous fl ow streams 
entering or leaving the control volume, subject to the assumptions mentioned. 


Air is flowing in a 0.2-m-diameter pipe at a uniform velocity of 0.1 m/s. The temperature 
is 25°C and the pressure is 150 kPa. Determine the mass flow rate. 


Solution 

From Eq. 6.3 the mass flow rate is 

m = VA/v 

For air, using R from Table A. 5, we have 


v = 


RT 

T~ 


0.287 kj /kg K x 298.2 K 


0.5705 m 3 /kg 


150 kPa 
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The cross-sectional area is 

A = j(0.2) 2 = 0.0314 m 2 

Therefore, 

m = VA/v = 0.1 m/s x 0.0314 m 2 /0.5705 m 3 /kg = 0.0055 kg/s 


In-Text Concept Question 

a. A mass flow rate into a control volume requires a normal velocity component. Why? 


6.2 


THE FIRST LAW OF THERMODYNAMICS 
FOR A CONTROL VOLUME 


THerhoNet 


We have already considered the first law of thermodynamics for a control mass, which 
consists of a fixed quantity of mass, and noted, in Eq. 5.5, that it may be written as 

e 2 -e 1 = 1 q 2 - 1 w 2 

We have also noted that this may be written as an instantaneous rate equation as 

= o' _ w (6.4) 


To write the first law as a rate equation for a control volume, we proceed in a manner 
analogous to that used in developing a rate equation for the law of conservation of mass. 
For this purpose, a control volume is shown in Fig. 6.4 that involves the rate of heat transfer, 
rates of work, and mass flows. The fundamental physical law states that we cannot create 
or destroy energy such that any rate of change of energy must be caused by rates of energy 
into or out of the control volume. We have already included rates of heat transfer and work 
in Eq. 6.4, so the additional explanations we need are associated with the mass flow rates. 


FIGURE 6.4 

Schematic diagram 
illustrating terms in the 
energy equation for a 
general control volume. 
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The fluid flowing across the control surface enters or leaves with an amount of energy 
per unit mass as 


e = u + j V 2 + gZ 


relating to the state and position of the fluid. Whenever a fluid mass enters a control volume 
at state / or exits at state e, there is a boundary movement work associated with that process. 

To explain this in more detail, consider an amount of mass flowing into the control 
volume. As this mass flows in there is a pressure at its back surface, so as this mass moves 
into the control volume it is being pushed by the mass behind it, which is the surroundings. 
The net effect is that after the mass has entered the control volume, the surroundings have 
pushed it in against the local pressure with a velocity giving it a rate of work in the process. 
Similarly, a fluid exiting the control vol ume at state e must push the surrounding fluid ahead 
of it, doing work on it, which is work leaving the control volume. The velocity and the area 
correspond to a certain volume per unit time entering the control volume, enabling us to 
relate that to the mass flow rate and the specific volume at the state of the mass going in. 
N ow we are able to express the rate of low work as 



(6.5) 


For the flow that leaves the control volume, work is being done by the control volume, 
P e v e m e , and for the mass that enters, the surroundings do the rate of work, P, v, m, . The 
flow work per unit mass is then Pv, and the total energy associated with the flow of mass is 



( 6 . 6 ) 


In this equation we have used the definition of the thermodynamic property enthalpy, 
and it is the appearance of the combi nation ( u + Pv ) for the energy in connection with a mass 
flow that is the primary reason for the definition of the property enthalpy. Its introduction 
earlier in conjunction with the constant-pressure process was done to facilitate use of the 
tables of thermodynamic properties at that time. 


EXAMPLE 6.2 Assume we are standing next to the local city's main water line. The liquid water inside 


flows at a pressure of 600 kPa (6 atm) with a temperature of about 10°C . We want to add 
a smaller amount, 1 kg, of liquid to the line through a side pipe and valve mounted on the 
main line. How much work will be involved in this process? 

If the 1 kg of liquid water is in a bucket and we open the valve to the water main in 
an attempt to pour it down into the pipe opening, we realize that the water flows the other 
way. The water flows from a higher to a lower pressure, that is, from inside the main line 
to the atmosphere (from 600 kPa to 101 kPa). 

We must take the 1 kg of liquid water and put it into a piston/cylinder (like a hand- 
held pump) and attach the cylinder to the water pipe. Now we can press on the piston until 
the water pressure inside is 600 kPa and then open the valve to the main line and slowly 
squeeze the 1 kg of water in. The work done at the piston surface to the water is 

1/1/ = J P d V = P water rnv = 600 kPa x 1 kg x 0.001 m 3 /kg = 0.6 kj 
and this is the necessary flow work for adding the 1 kg of liquid. 
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The extension of the first law of thermodynamics from Eq. 6.4 becomes 

d E c \i 

^ = 0 C.V. — W c.v. + m/6/ — nie^e + W flow in — W flow out 

and the substitution of Eq. 6.5 gives 

= Q c.v. - 1/1/c.v. + m,(e/ + P;V;) - m e (e e + P e v e ) 

= 0 c.v. ~ ^ c.v. + m i f hi + - — n) e ^h e + 2 ^® fi~ 

In this form of the energy equation the rate of work term is the sum of all shaft 
work terms and boundary work terms and any other types of work given out by the control 
volume; however, the flow work is now listed separately and included with the mass flow 
rate terms. 

For the general control volume we may have several entering or leaving mass flow 
rates, so a summation over those terms is often needed. The final form of the first law of 
thermodynamics then becomes 

—j^— = Q c.v , — W c.v.+ (hi + ^ V} + gZ i '\-'£ i m e (h e + ^ V e 2 + gZ e ^j (6.7) 

expressing that the rate of change of energy inside the control volume is due to a net rate 
of heat transfer, a net rate of work (measured positive out), and the summation of energy 
fluxes due to mass flows into and out of the control volume. As with the conservation of 
mass, this equation can be written for the total control volume and can therefore be put in 
the lumped or integral form where 


E c.v. = J pedV =me = m A e A +m B e B +m c e c H 

As the kinetic and potential energy terms per unit mass appear together with the 
enthalpy in all the flow terms, a shorter notation is often used: 

fitot = h + ^ V 2 + gZ 

^ stag = h + — V 2 

defining the total enthalpy and the stagnation enthalpy (used in fluid mechanics). The shorter 
equation then becomes 

= 0 c.v. - Wc.v. + X^' V; - (6.8) 

giving the general energy equation on a rate form. All applications of the energy equation 
start with the form in Eq. 6.8, and for special cases this will result in a slightly simpler form, 
as shown in the subsequent sections. 


6.3 


THE STEADY-STATE PROCESS 


Our first application of the control volume equations will be to develop a suitable analytical 
model for the long-term steady operation of devices such as turbines, compressors, noz- 
zles, boilers, and condensers— a very large class of problems of interest in thermodynamic 
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analysis. This model will not include the short-term transient startup or shutdown of such 
devices, but only the steady operating period of time. 

L et us consi der a certai n set of assumpti ons (beyond those I eadi ng to E qs. 6. 1 and 6.7) 
thatlead to a reasonable model for this type of process, which wereferto as the steady -state 
process. 

1. The control volume does not move relative to the coordinate frame. 

2 . The state of the mass at each point in the control volume does not vary with time. 

3 . As for the mass that flows across the control surface, the mass flux and the state of 
this mass at each discrete area of flow on the control surface do not vary with time. 
The rates at which heat and work cross the control surface remain constant. 


As an example of a steady-state process, consider a centrifugal air compressor that 
operates with a constant mass rate of flow into and out of the compressor, constant prop- 
erties at each point across the inlet and exit ducts, a constant rate of heat transfer to the 
surroundings, and a constant power input. At each point in the compressor the properties 
are constant with time, even though the properties of a given elemental mass of air vary as it 
flows through the compressor. Often, such a process is referred to as a steady-flow process, 
since we are concerned primarily with the properties of the fluid entering and leaving the 
control volume. However, in the analysis of certain heat transfer problems in which the 
same assum pti ons apply, we are pri mari ly i nterested i n the spati al di stri buti on of properti es, 
particularly temperature, and such a process is referred to as a steady-state process. Since 
thisisan introductory book, wewill use the term steady-state process for both. The student 
should realize that the terms steady-state process and steady-flow process are both used 
extensively in the literature. 

L et us now consider the significance of each of these assumptions for the steady-state 
process. 


1. The assumption that the control volume does not move relative to the coordinate frame 
means that all velocities measured relative to the coordinate frame are also velocities 
relative to the control surface, and there is no work associated with the acceleration 
of the control volume. 

2 . The assumption that the state of the mass at each point i n the control volume does not 
vary with time requires that 


dm c .v. 

dt 


and 


dE c.y. 
dt 


= 0 


Therefore, we conclude that for the steady-state process we can write, from Eqs. 6.1 
and 6.7, 


Continuity equation: 
Firstlaw : Oc.v. + X!™ 1 2 ' ( 


!>/ = £> e 

y + gZ; j = ^me(h e + y + gZ e 


(6.9) 

W c.v. 
( 6 . 10 ) 


3 . The assumption that the various mass flows, states, and rates at which heat and work 
cross the control surface remain constant requires that every quantity in Eqs. 6.9 and 
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6.10 be steady with time. This means that application of Eqs. 6.9 and 6.10 to the 

operation of some device is independent of time. 

M any of theapplicationsof the steady-state model are such that thereisonly oneflow 
stream entering and one leaving the control volume. For this type of process, we can write 

Continuity equation: m, = rh e = rri (6.11) 

First : Oc.v. + m(hi + + gz\ = m(h e + ^ + gZ^j + l/l/ c .v. (6.12) 

Rearranging this equation, we have 

V 2 V 2 

q +hi + ^- + gZi =h e + ^ + gZ e + w (6.13) 

where, by definition, 

q = and w = (6.14) 

m m 

Note that the units for q and w are kj /kg. From their definition, q and w can bethought 
of as the heat transfer and work (other than flow work) per unit mass flowing into and out 
of the control volume for this particular steady-state process. 

The symbols q and w are also used for the heat transfer and work per unit mass of a 
control mass. Flowever, since it is always evident from the context whether it is a control 
mass (fixed mass) or control volume (involving a flow of mass) with which we are concerned, 
the significance of the symbols q and w will also be readily evident in each situation. 

The steady-state process is often used in the analysis of reciprocating machines, such 
as reciprocating compressors or engines. In this case the rate of flow, which may actually 
be pulsating, is considered to be the average rate of flow foran integral number of cycles. A 
similar assumption is made regarding the properties of the fluid flowing across the control 
surface and the heat transfer and work crossing the control surface. It is also assumed that 
for an integral number of cycles the reciprocating device undergoes, the energy and mass 
within the control volume do not change. 

A number of examples are given in the next section to illustrate the analysis of steady- 
state processes. 


In-Text Concept Questions 

b. Can a steady-state device have boundary work? 

c. W hat can you say about changes in rh and V through a steady flow device? 

d. In a multi pie-device flow system, I want to determine a state property. W here should 
I look for information— upstream or downstream? 


6.4 


EXAMPLES OF STEADY-STATE PROCESSES 


In this section, we consider a number of examples of steady-state processes in which there 
is one fluid stream entering and one leaving the control volume, such that the first law can 
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FIGURE 6.5 A 

refrigeration system 
condenser. 


EXAMPLE 6.3 



be written in the form of Eq. 6.13. Some may instead utilize control volumes that include 
more than onefluid stream, such that it is necessary to write the first law in the more general 
form of Eq. 6.10. 


Heat Exchanger 

A steady-state heat exchanger is a simple fluid flow through a pipe or system of pipes, 
where heat is transferred to or from the fluid. The fluid may be heated or cooled, and may 
or may not boil, changing from liquid to vapor, or condense, changing from vaporto liquid. 
One such example is the condenser in an R-134a refrigeration system, as shown in Fig. 
6.5. Superheated vapor enters the condenser and liquid exits. The process tends to occur at 
constant pressure, since a fluid flowing in a pipe usually undergoes only a small pressure 
drop because of fluid friction at the walls. The pressure drop may or may not be taken 
into account in a particular analysis. There is no means for doing any work (shaft work, 
electrical work, etc.), and changes in kinetic and potential energies are commonly negligibly 
small. (One exception may be a boiler tube in which liquid enters and vapor exits at a much 
larger specific volume. In such a case, it may be necessary to check the exit velocity using 
Eq. 6.3.) The heat transfer in most heat exchangers is then found from Eq. 6.13 as the 
change in enthalpy of the fluid. In the condenser shown in Fig. 6.5, the heat transfer out of 
the condenser then goes to whatever is receiving it, perhaps a stream of air or of cooling 
water. It is often simpler to write the first law around the entire heat exchanger, including 
both flow streams, in which case there is little or no heat transfer with the surroundings. 
Such a situation is the subject of the following example. 


Consider a water-cooled condenser in a large refrigeration system in which R-134a is the 
refrigerant fluid. The refrigerant enters the condenser at 1.0 M Pa and 60°C, at the rate of 
0.2 kg/s, and exits as a liquid at 0.95 M Pa and 35°C. Cooling water enters the condenser 
at 10°C and exits at 20°C. Determine the rate at which cooling water flows through the 
condenser. 


Control volume : 
Sketch: 
Inlet states: 
Exit states: 
Process: 
Model: 


Condenser. 

Fig. 6.6 

R-134a — fixed; water— fixed. 
R- 134a— fixed; water— fixed. 
Steady-state. 

R-134a tables; steam tables. 
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FIGURE 6.6 

Schematic diagram of an 
R-1 34a condenser. 


R-134a vapor in 


Cooling 
water in 



Analysis 

With this control volume we have two fluid streams, the R-134a and the water, entering 
and leaving the control volume. It is reasonable to assume that both kinetic and potential 
energy changes are negligible. We note that the work is zero, and we make the other 
reasonable assumption that there is no heat transfer across the control surface. Therefore, 
the first law, Eq. 6.10, reduces to 

^ifi/h/ =Ym e h e 

Using the subscript r for refrigerant and w for water, we write 

m r (hi) r +m w (hi) w = m r (h e ) r + m w (h e ) w 


Solution 


From the R-134a and steam tables, we have 


( hi ) r = 441.89 kj /kg, (hi) w = 42.00 kj /kg 

(h e ) r = 249.10 kj /kg, (h e ) w = 83.95 kj /kg 


Solving the above equation for m w , the rate of flow of water, we obtain 


= 0.2 kg/s |44L89 - 249101 kJ/k9 


(he -hi). 


(83.95 - 42.00) kj /kg 


0.919 kg/s 


This problem can also be solved by considering two separate control volumes, one 
having the flow of R-134a across its control surface and the other having the flow of water 
across its control surface. Further, there is heat transfer from one control volume to the 
other. 

The heat transfer for the control volume involving R-134a is calculated first. In this 
case the steady-state energy equation, Eq. 6.10, reduces to 


Oc.v. =m r (h e -hi) r 

= 0.2 kg/s x (249.10 - 441.89) kj /kg = -38.558 kW 
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EXAMPLE 6.4 


FIGURE 6.7 

Illustration for Example 
6 . 4 . 


Thisisalso the heat transfer to the other control volume, forwhich Q cv = +38.558 kW. 


0 c.v. = m w (h e -hi) w 

38.558 kW 

mw ~ (83.95 - 42.00) kj /kg 


0.919 kg/s 


Nozzle 

A nozzl is a steady-state device whose purpose is to create a high-velocity fluid stream 
at the expense of the fluid’s pressure. It is contoured in an appropriate manner to expand a 
flowing fluid smoothly to a lower pressure, thereby increasing its velocity. There is no means 
to do any work— there are no moving parts. There is little or no change in potential energy 
and usually little or no heat transfer. An exception is the large nozzle on a I i quid- propellant 
rocket, such as was described in Section 1.7, in which the cold propellant is commonly 
circulated around the outside of the nozzle walls before going to the combustion chamber, 
in order to keep the nozzle from melting. This case, a nozzle with significant heat transfer, 
is the exception and would be noted in such an application, in addition, the kinetic energy of 
the fluid at the nozzle inlet is usually small and would be neglected if its value is not known. 


Steam at 0.6 M Pa and 200°C enters an insulated nozzle with a velocity of 50 m/s. It leaves 
at a pressure of 0.15 M Pa and a velocity of 600 m/s. Determine the final temperature if 
the steam is superheated in the final state and the quality if it is saturated. 


Control volume-. 
Inlet state: 
Exit state: 
Process: 
Model: 


Nozzle. 

Fixed (see Fig. 6.7). 
P e known. 
Steady-state. 

Steam tables. 


Analysis 

We have 

Oc.y . =0 (nozzle insulated) 
1 / 1 / c.v. = 0 

PE/ * PE e 


Control surface 
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EXAMPLE 6.4E 


FIGURE 6.7E 

Illustration for Example 
6.4E. 


The first law (Eq. 6.13) yields 


hi 


Solution 


y? 

2 


— h e + 


V 2 

Y e 

2 


Solving for h e we obtain 


he = 2850.1 + 


(50) 2 
2 x 1000 


(600) 2 m 2 /s 2 

2 x 1000 J/kJ 


2671.4 kj /kg 


The two properties of the fluid leaving that we now know are pressure and enthalpy, 
and therefore the state of this fluid is determined. Since T) e is less than h g at 0.15 M Pa, the 
quality is calculated. 

h =h f +xh fg 


2671.4 = 467.1 + x e 2226.5 


x e = 0.99 


Steam at 100 lbf/in. 2 , 400 F, enters an insulated nozzle with a velocity of 200 ft/s. It leaves 
at a pressure of 20.8 lbf/in. 2 and a velocity of 2000 ft/s. Determine the final temperature 
if the steam is superheated in the final state and the quality if it is saturated. 


Control volume: 
Inlet state: 
Exit state: 
Process: 
Model: 


Nozzle. 

Fixed (see Fig. 6.7E). 
P e known. 
Steady-state. 

Steam tables. 


Analysis 


First law (Eq. 6.13): 


Oc.v.—0 (nozzle insulated) 
1/1/ c.v. = 0, PE, = PE e 


h i + J-=h e +^ 
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Solution 


he 


1227.5 


( 200) 2 

2 x 32.17 x 778 


( 2000) 2 

2 x 32.17 x 778 


1148.3 Btu/lbm 


The two properties of the fluid leaving that we now know are pressure and enthalpy, 
and therefore the state of this fluid is determined. Since h e is less than h g at 20.8 lbf/in. 2 , 
the quality is calculated. 


h = h f +xh fg 

1148.3 = 198.31 + x e 958.81 
x e = 0.99 


Diffuser 

A steady-state diffuser is a device constructed to decelerate a high-velocity fluid in a manner 
that results in an increase in pressure of the fluid. In essence, it is the exact opposite of a 
nozzle, and it may be thought of as a fluid flowing in the opposite direction through a nozzle, 
with the opposite effects. The assumptions are similar to those for a nozzle, with a large 
kinetic energy at the diffuser inlet and a small, but usually not negligible, kinetic energy at 
the exit being the only terms besides the enthalpies remaining in the first law, Eq. 6.13. 

Throttle 

A throttling process occurs when a fluid flowing in a line suddenly encounters a restriction 
in the flow passage. This may be a plate with a small hole in it, as shown in Fig. 6.8, it may 
be a partially closed valve protruding into the flow passage, or it may be a change to a tube 
of much smaller diameter, called a capillary tube, which is normally found on a refrigerator. 
The result of this restriction is an abrupt pressure drop in the fluid, as it is forced to find 
its way through a suddenly smaller passageway. This process is drastically different from 
the smoothly contoured nozzle expansion and area change, which results in a significant 
velocity increase. There is typically some increase in velocity in a throttle, but both inlet 
and exit kinetic energies are usually small enough to be neglected. There is no means for 
doing work and little or no change in potential energy. Usually, there is neither time nor 
opportunity for appreciable heat transfer, such that the only terms left in the first law, Eq. 
6.13, are the inlet and exit enthalpies. We conclude that a steady-state throttling process is 
approximately a pressure drop at constant enthalpy, and we will assume this to be the case 
unless otherwise noted. 

Frequently, a throttling process involves a change in the phase of the fluid. A typi- 
cal example is the flow through the expansion valve of a vapor-compression refrigeration 
system. The foil owing example deals with this problem. 


Control surface 


1 


1 

1 

1 

1 

^ 




FIGURE 6.8 The 

throttling process. 
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EXAMPLE 6.5 Consider the throttling process across the expansion valve or through the capillary tube 
in a vapor-compression refrigeration cycle. In this process the pressure of the refriger- 
ant drops from the high pressure in the condenser to the low pressure in the evapora- 
tor, and during this process some of the liquid flashes into vapor. If we consider this 
process to be adiabatic, the quality of the refrigerant entering the evaporator can be 
calculated. 

Consider the foil owing process, in which ammonia is the refrigerant. The ammonia 
enters theexpansion valve at a pressureof 1.50 M Pa and a temperature of 35°C. Its pressure 
on leaving the expansion valve is 291 kPa. Calculate the quality of the ammonia leaving 
the expansion valve. 


Control volume: 
Inlet state: 
Exit state: 
Process: 
Model: 


Expansion valve or capillary tube. 
Pi, T i known; state fixed. 

P e known. 

Steady-state. 

Ammonia tables. 


Analysis 

We can use standard throttling process analysis and assumptions. The first law reduces 
to 

hi = h e 


Solution 

From the ammonia tables we get 

hi = 346.8 kj /kg 

(The enthalpy of a slightly compressed liquid is essentially equal to the enthalpy of satu- 
rated liquid at the same temperature.) 


he = hi = 346.8 = 134.4 + x e (1296.4) 
x e = 0.1638 = 16.38% 


Turbine 

A turbine is a rotary steady-state machine whose purpose is to produce shaft work (power, 
on a rate basis) at the expense of the pressure of the working fluid. Two general classes 
of turbines are steam (or other working fluid) turbines, in which the steam exiting the tur- 
bine passes to a condenser, where it is condensed to liquid, and gas turbines, in which 
the gas usually exhausts to the atmosphere from the turbine. In either type, the turbine 
exit pressure is fixed by the environment into which the working fluid exhausts, and the 
turbine inlet pressure has been reached by previously pumping or compressing the work- 
ing fluid in another process. Inside the turbine, there are two distinct processes. In the 
first, the working fluid passes through a set of nozzles, or the equivalent— fixed blade 
passages contoured to expand the fluid to a lower pressure and to a high velocity. In the 
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EXAMPLE 6.6 


FIGURE 6.9 

Illustration for Example 
6 . 6 . 


second process inside the turbine, this high-velocity fluid stream is directed onto a set of 
moving (rotating) blades, in which the velocity is reduced before being discharged from 
the passage. This directed velocity decrease produces a torque on the rotating shaft, re- 
sulting in shaft work output. The low-velocity, low-pressure fluid then exhausts from the 
turbine. 

The first law for this process is either Eq. 6.10 or 6.13. Usually, changes in poten- 
tial energy are negligible, as is the inlet kinetic energy. Often, the exit kinetic energy is 
neglected, and any heat rejection from the turbine is undesirable and is commonly small. 
We therefore normally assume that a turbine process is adiabatic, and the work output in 
this case reduces to the decrease in enthalpy from the inlet to exit states. In the follow- 
ing example, however, we include all the terms in the first law and study their relative 
importance. 


The mass rate of flow into a steam turbine is 1.5 kg/s, and the heat transfer from the 
turbine is 8.5 kW. The following data are known for the steam entering and leaving the 
turbine. 



Inlet 

Conditions 

Exit 

Conditions 

Pressure 

2.0 MPa 

0.1 MPa 

Temperature 

350°C 


Quality 


100% 

Velocity 

50 m/s 

100 m/s 

Elevation above reference plane 

6 m 

3 m 

g = 9.8066 m/s 2 




Determine the power output of the turbine. 


Control volume : 
Inlet state: 
Exit state: 
Process: 
Model: 


Turbine (Fig. 6.9). 
Fixed (above). 
Fixed (above). 
Steady-state. 
Steam tables. 
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Analysis 


From the first law (Eq. 6.12) we have 


'c.v. 


n) hi 




with 


0 c .v. = -8.5 kW 


W C.V. 


Solution 


From the steam tables, hj = 3137.0 kj/kg. Substituting inlet conditions gives 


V? 

2 


gZ; = 


50 X 50 
2 x 1000 " 
6 x 9.8066 
1000 


1-25 kj/kg 
= 0.059 kj/kg 


Similarly, for the exit A) e = 2675.5 kj/kg and 


V 2 

T e 

2 


gz e = 


100 x 100 

2 x 1000 

3 X 9.8066 

1000 


= 5.0 kj/kg 
= 0.029 kj/kg 


Therefore, substituting into Eq. 6.12, we obtain 


-8.5 + 1.5(3137 + 1.25 + 0.059) = 1.5(2675.5 + 5.0 + 0.029) + l/l/ c .v 
W c.v. = -8.5 + 4707.5 - 4020.8 = 678.2 kW 
If Eq. 6.13 is used, the work per kilogram of fluid flowing is found first. 

V 2 V 2 

q + hi + y + gZ, = h e + -j- + gZ e + w 

q = = -5.667 kj/kg 

Therefore, substituting into Eq. 6.13, we get 


-5.667 + 3137 + 1.25 + 0.059 = 2675.5 + 5.0 + 0.029 + w/ 

i/i/ = 452.11 kj/kg 

W c.v. = 1.5 kg/s x 452.11 kj /kg = 678.2 kW 


Two further observations can be made by referring to this example. First, in many 
engineering problems, potential energy changes are insignificant when compared with the 
other energy quantities. In the above example the potential energy change did not affect 
any of the significant figures. In most problems where the change in elevation is small, the 
potential energy terms may be neglected. 

Second, if velocities are small— say, under 20 m/s— in many cases the kinetic energy 
is insignificant compared with other energy quantities. Furthermore, when the velocities 
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entering and leaving the system are essentially the same, the change in kinetic energy is 
smaii. Since it is the change in kinetic energy that is important in the steady-state energy 
equation, the kinetic energy terms can usually be neglected when there is no significant 
difference between the velocity of the fluid entering and that leaving the control volume. 
Thus, in many thermodynamic problems, one must makejudgments as to which quantities 
may be negligiblefor a given analysis. 

The preceding discussion and example concerned the turbine, which is a rotary work- 
producing device. There are other nonrotary devices that produce work, which can be cal led 
expanders as a general name. In such devices, the first-law analysis and assumptions are 
generally the same as for turbines, except that in a piston/cylinder-type expander, there 
would in most cases be a larger heat loss or rejection during the process. 

Compressor and Pump 

The purpose of a steady-state compressor (gas) or pump (liquid) isthesame: to increase the 
pressure of a fluid by putting in shaft work (power, on a rate basis). There are two funda- 
mentally different classes of compressors. The most common is a rotary-type compressor 
(either axial flow or radial/centrifugal flow), in which the internal processes are essentially 
the opposite of the two processes occurring inside a turbine. The working fluid enters the 
compressor at low pressure, moving into asetof rotating blades, from which it exits at high 
velocity, a resultof the shaft work input to the fluid. The fluid then passes through a diffuser 
section, in which it is decelerated in a manner that results in a pressure increase. The fluid 
then exits the compressor at high pressure. 

Thefirst law for the compressor is either Eq. 6.10 or 6. 13. Usually, changes in potential 
energy are negligible, as is the inlet kinetic energy. Often the exit kinetic energy is neglected 
as well. Heat rejection from the working fluid during compression would be desirable, but it 
is usually small in a rotary compressor, which is a high-volume flow -rate machine, and there 
is not sufficient time to transfer much heat from the working fluid. We therefore normally 
assume that a rotary compressor process is adiabatic, and the work input in this case reduces 
to the change in enthalpy from the inlet to exit states. 

Inapiston/cylinder-typecompressor, the cyl i nder usual ly containsfinsto promote heat 
rejection during compression (or the cylinder may be water-jacketed in a large compressor 
for even greater cooling rates). In this type of compressor, the heat transfer from the working 
fluid is significant and is not neglected in thefirst law. As a general rule, in any example or 
problem inthisbook, wewill assume that a compressor is adiabatic unless otherwise noted. 

EXAMPLE 6.7 

The compressor in a plant (see Fig. 6.10) receives carbon dioxide at 100 kPa, 280 K, 
with a low velocity. At the compressor discharge, the carbon dioxide exits at 1100 kPa, 
500 K, with velocity of 25 m/s and then flows into a constant-pressure aftercooler (heat 
exchanger) where it is cooled down to 350 K. The power input to the compressor is 
50 kW. Determine the heat transfer rate in the aftercooler. 

Solution 

C.V. compressor, steady state, single inlet and exit flow. 

Energy Eq. 6.13: q + hi + ^ v\ = h 2 + ^ V 2 2 + w 


Energy Eq. 6.13: 
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FIGURE 6.10 Sketch 
for Example 6.7. 


EXAMPLE 6.8 


FIGURE 6.11 Sketch 
for Example 6.8. 



In this solution, let us assume that the carbon dioxide behaves as an ideal gas with variable 
specific heat (Appendix A. 8). It would be more accurate to use Table B.3 to find the 
enthalpies, but the difference is fairly small in this case. 

We also assume that q = 0 and Vi = 0, so, getting h from Table A . 8, 

1 r 251 2 

- W =h 2 -h 1 + -Vl = 401.52 - 198 + aaa = 203 - 5 + °- 3 = 203 - 8 k J 

2 2 x 1000 


Remember hereto convert kinetic energy J/kg to kj/kg by division by 1000. 



w 


= 0 - 245 k9/s 


C.V. aftercooler, steady state, single inlet and exit flow, and no work. 

Energy Eq. 6.13: q + h 2 + = h 3 + 

Here we assume no significant change in kinetic energy (notice how unimportant it was) 
and again we look for h in Table A .8: 


q =h 3 -h 2 = 257.9 - 401.5 = -143.6 kJ /kg 
Q cool = -O' c.v. = -niq = 0.245 kg/s x 143.6 kJ /kg = 35.2 kW 


A small liquid water pump is located 15 m down in a well (see Fig. 6.11), taking water 
in at 10°C, 90 kPa at a rate of 1.5 kg/s. The exit line is a pipe of diameter 0.04 m that 
goes up to a receiver tank maintaining a gauge pressure of 400 kPa. Assume the process 
is adiabatic with the same inlet and exit velocities and the water stays at 10°C. Find the 
required pump work. 
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EXAMPLE 6.9 


Solution 


Continuity equation: m in = = rri 

Energy Eq. 6.12: m (h in + ^ V? n + gZ m ^\ = m fh^ + ^ V* x + gZ ex ^j + W 

States: hex — h m + (P ex - P\n)v {v is constant and u is constant.) 

From the energy equation 

1/1/ = rh(h j n + gZin — hex — gZex) = ttl[g(Z in — Z ex ) — (Pex ~ Pin)^] 



9.807 ^ x 


-15-0 

1000 


m - (400 + 101.3 - 90) kPa x 0.001 001 



= 1.5 x (-0.147 - 0.412) = -0.84 kW 
That is, the pump requires a power input of 840 W. 


Power Plant and Refrigerator 

The foil owing examples illustrate the incorporation of several of the devices and machines 
already discussed in this section into a complete thermodynamic system, which is builtfor 
a specific purpose. 


Consider the simple steam power plant, as shown in Fig. 6.12. The following data are for 
such a power plant. 


L ocation 

Pressure 

Temperature 
or Quality 

Leaving boiler 

2.0 MPa 

300°C 

Entering turbine 

1.9 MPa 

290°C 

Leaving turbine, 



entering condenser 

15 kPa 

90% 

Leaving condenser, 



entering pump 

14 kPa 

45°C 

Pump work = 4 kj/kg 




Determine the following quantities per kilogram flowing through the unit: 

a. Heat transfer in the line between the boiler and turbine. 

b. Turbine work. 

c. Heat transfer in the condenser. 

d. Heat transfer in the boiler. 
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There is a certain advantage in assigning a number to various points in the cycle. For 
this reason, the subscripts i and e in the steady-state energy equation are often replaced 
by appropriate numbers. 

Since there are several control volumes to be considered in the solution to this 
problem, let us consolidate our solution procedure somewhat in this example. Using the 
notation of Fig. 6.12, we have: 

All processes: Steady-state. 

Model: Steam tables. 

From the steam tables: 

h i = 3023.5 kj /kg 
h 2 = 3002.5 kj /kg 

h 3 = 226.0 + 0.9(2373.1) = 2361.8 kj /kg 
h 4 = 188.5 kj/kg 

All analyses: No changes in kinetic or potential energy will be considered in 
the solution. In each case, the first law is given by Eq. 6.13. 

N ow, we proceed to answer the specific questions raised in the problem statement. 


a. For the control volume for the pipeline between the boiler and the turbine, the first law 
and solution are 


1 Q 2 + hi = h 2 

iq 2 = h 2 -hi = 3002.5 - 3023.5 = -21.0 kj /kg 
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EXAMPLE 6.10 


b. A turbine is essentially an adiabatic machine. Therefore, it is reasonable to neglect heat 
transfer in the first law, so that 

h 2 = b 3 + 2^3 

2 M / 3 = 3002.5 - 2361.8 = 640.7 kj /kg 

c. There is no work for the control volume enclosing the condenser. Therefore, the first 
law and solution are 

3 g 4 + b3 = b 4 

3 q 4 = 188.5 - 2361.8 = -2173.3 kj /kg 

d. If we consider a control volume enclosing the boiler, the work is equal to zero, so that 
the first law becomes 


5 q 1 + h 5 = h 1 

A solution requires a value for h 5 , which can be found by taking a control volume 
around the pump: 


f ) 4 = f)5 + 4 W 5 

h 5 = 188.5 - (-4) = 192.5 kj /kg 

Therefore, for the boiler, 


5 qi + h 5 = hi 

5 gi = 3023.5 - 192.5 = 2831 kj /kg 


The refrigerator shown in Fig. 6.13 uses R-134a as the working fluid. The mass flow rate 
through each component is 0.1 kg/s, and the power input to the compressor is 5.0 kW. The 
following state data are known, using the state notation of Fig. 6.13: 

Pi = 100 kPa, Ti = -20°C 

P 2 = 800 kPa, Ti = 50°C 

T 3 = 30°C, x 3 = 0.0 

T 4 = — 25°C 

Determine the following: 

a. The quality at the evaporator inlet. 

b. The rate of heat transfer to the evaporator. 

c. The rate of heat transfer from the compressor. 

All processes: Steady-state. 

Model : R-134a tables. 

All analyses: No changes in kinetic or potential energy. The first law in each case 
is given by Eq. 6.10. 
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FIGURE 6.13 

Refrigerator. 


d cond to room 



Solution 

a. For a control volume enclosing the throttle, the first law gives 


h A = /13 = 241.8 kj /kg 

h 4 = 241.8 = hf 4 + x 4 /ifg 4 = 167.4 + x 4 x 215.6 
x 4 = 0.345 

b. For a control volume enclosing the evaporator, the first law gives 

0 evap = m(hi-h A ) 

= 0.1(387.2 - 241.8) = 14.54 kW 

c. And for the compressor, the first law gives 

0 comp = - /li) + 1/1/ comp 

= 0.1(435.1 - 387.2) - 5.0 = -0.21 kW 


In-Text Concept Questions 

e. Flow does a nozzle or sprayhead generate kinetic energy? 

f. What is the difference between a nozzle flow and a throttle process? 

g. If you throttle a saturated liquid, what happens to the fluid state? W hat happens if this 
is done to an ideal gas? 

h. A turbine at the bottom of a dam has a flow of liquid water through it. Flow does that 
produce power? Which terms in the energy equation are important if the CV is the 
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turbine only? If the CM is the turbine pi us the upstream flow up to the top of the lake, 
which terms in the energy equation are then important? 

i. If you compress air, the temperature goes up. Why? When the hotair, at high P, flows 
in long pipes, it eventual ly coolsto ambient!. How does that change the flow? 

j. A mixing chamber has all flows at the same P, neglecting losses. A heat exchanger 
has separate flows exchanging energy, but they do not mix. Why have both kinds? 


6.5 


THE TRANSIENT PROCESS 


I n Sections 6.3 and 6.4 we considered the steady-state process and several examples of its 
application. M any processes of interest in thermodynamics involve unsteady flow and do 
not fit into this category. A certain group of these— for example, filling closed tanks with 
a gas or liquid, or discharge from closed vessels— can be reasonably represented to a first 
approximation by another simplified model. We call this process the transient process, for 
convenience, recognizing that our model includes specific assumptions that are not always 
valid. Our transient model assumptions are as follows: 


1. The control volume remains constant relative to the coordinate frame. 

2 . The state of the mass within the control volume may change with time, but at any 
instant of time the state is uniform throughout the entire control volume (or over 
several identifiable regions that make up the entire control volume). 

3 . The state of the mass crossing each of the areas of flow on the control surface is 
constant with time, although the mass flow rates may vary with time. 


Let us examine the consequence of these assumptions and derive an expression for 
the first law that applies to this process. The assumption that the control volume remains 
stationary relative to the coordinate frame has already been discussed in Section 6.3. The 
remaining assumptions lead to the fol I ow i ng simplifications for the continuity equation and 
the first law. 

The overall process occurs during time t. At any instant of time during the process, 
the continuity equation is 


cfmc.v. 

dt 


+ ^m e - E™' = 0 


where the summation is over all areas on the control surface through which flow occurs. 
Integrating over time t gives the change of mass in the control volume during the overall 
process: 


The total mass leaving the control volume during time t is 

/ (E^) df = E m e 

J 0 
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and the total mass entering the control volume during time t is 

l (2>)dt = I> 

Therefore, for this period of time t, we can write the continuity equation for the 
transient process as 


(m 2 - m i) c v. + m e - m ' = 0 


(6.15) 


In writing the first law of the transient process we consider Eq. 6.7, which applies at any 
instant of time during the process: 


'c.v. 


+ ^-+gZ , ) = + ^m e (/i e + ^ + gZ e ) + M/ C .v. 


dt 


Since at any instant of time the state within the control volume is uniform, the first law for 
the transient process becomes 


'c.v. 


( h * + y + gii ) = J2 li)e ( he + 'r + 9 Ze 


d 

Tt 


m r + T + gZ 


JC.V. 


Let us now integrate this equation over time t, during which time we have 


i 


'c.v 


dt = 0 c.v 


f 

f 


+ -y + gZi 


J^rh e lh e + +gZ< 


dt = [hi + ^-+gZ, 


dt = J 2 m e[h e + ~y+gZ t 


f 


W c.v. dt = IV c .v 


d_ 

dt 


m[ u + — + gZ 


dt = 


m2[u2 + + gZ 2 ) -mi(ui + -i+gZi 


1 II 


c.v. 


/ 

Therefore, forthis period of timet, wecan write the first law for the transient process as 
0 c.v. + J2 mi ( hi + > 5 L + 5,Z ') 


— m e ( h e h — — ■ + gZ e 


Vi 


Vl 


m 2 U 2 + + gZ 2 -mi Ui + — t + gZ 


+ tVc.v. (6.16) 


JC.V. 
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EXAMPLE 6.11 


FIGURE 6.14 Flow 
into an evacuated 
vessel — control volume 
analysis. 


As an example of the type of problem for which these assumptions are valid and Eq. 
6.16 is appropriate, let us consider the classic problem of flow into an evacuated vessel. 
This is the subject of Example 6.11. 


Steam at a pressure of 1.4 M Pa and a temperature of 300°C is flowing in a pipe (Fig. 
6.14). Connected to this pipe through a valve is an evacuated tank. The valve is opened 
and the tank fills with steam until the pressure is 1.4 M Pa, and then the valve is closed. The 
process takes pi ace adi abatical ly, and kinetic energies and potential energies are negligible. 
Determine the final temperature of the steam. 


Control volume: Tank, as shown in Fig. 6.14. 
Initial state (in tank): Evacuated, mass mi = 0. 
Final state: P 2 known. 

Inlet state: P ,, T, (in line) known. 
Process: Transient. 

Model : Steam tables. 


Analysis 

From the first law, Eq. 6.16, we have 


0 o 


J2 m '\ hl + ~T + gZi 


= Y J m e(he + ^ + gZ e 


m 2 [u 2 + ^ + gz 2 ) -mi[ui + ^Z + gZi 


l/l/c .V. 


JC.V. 


We note that Oc.v. = 0, 1/l/c.v. = 0, m e = 0, and (m 1 ) c _ v _ = 0. We further assume 
that changes in kinetic and potential energy are negligible. Therefore, the statement of the 
first I aw for this process reduces to 
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FIGURE 6.15 Flow 
into an evacuated 
vessel — control mass. 


From the continuity equation for this process, Eq. 6.15, we conclude that 

m 2 = rrij 

Therefore, combining the continuity equation with the first law, we have 

hi = u 2 

That is, the final internal energy of the steam in the tank is equal to the enthalpy of the 
steam entering the tank. 

Solution 

From the steam tables we obtain 

hi = u 2 = 3040.4 kj /kg 

Si nee the final pressure is given as 1.4 M Pa, we know two properties at the final state 
and therefore the final state is determined. The temperature corresponding to a pressure 
of 1.4 M Pa and an internal energy of 3040.4 kj/kg is found to be452°C. 

This problem can also be solved by considering the steam that enters the tank and 
the evacuated space as a control mass, as indicated in Fig. 6.15. 

The process is adiabatic, but we must examine the boundaries for work. If we 
visualize a piston between the steam that is included in the control mass and the steam 
that flows behind, we readily recognize that the boundaries move and that the steam in the 
pipe does work on the steam that comprises the control mass. The amount of this work is 

-1/1/ = P 1 V 1 = mP 1 v 1 

W riting the first law for the control mass, Eq. 5.11, and noting that kinetic and potential 
energies can be neglected, we have 

1 O 2 = U 2 -U 1 + 1 W 2 
0 = U 2 -U 1 - P 1 V 1 
0 = mu 2 - mu 1 - mPiVi = mu 2 - mh 2 

Therefore, 

u 2 = hi 

which is the same conclusion that was reached using a control volume analysis. 

The two other examples that follow illustrate further the transient process. 
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EXAMPLE 6.12 


Let the tank of the previous example have a volume of 0.4 m 3 and initially contain saturated 
vapor at 350 kPa. The valve is then opened, and steam from the line at 1.4 M Pa and 300°C 
flows into the tank until the pressure is 1.4 M Pa. 

Calculate the mass of steam that flows into the tank. 


Control volume : 
Initial state: 
Final state: 
Inlet state: 
Process: 
Model: 


Tank, as in Fig. 6.14. 

Pi, saturated vapor; state fixed. 
Pi- 

Pi, T state fixed. 

Transient. 

Steam tables. 


Analysis 

The situation is the same as in Example 6.11, except that the tank is not evacuated initially. 
Again we note that Qc.v. = 0, l/l/c.v. = 0, and m e = 0, and we assume that changes in 
kinetic and potential energy are zero. The statement of the first law for this process, 
Eq. 6.16, reduces to 

m,Ti; = m 2 u 2 - miUi 

The continuity equation, Eq. 6.15, reduces to 

m2 - mi = mi 

Therefore, combining the continuity equation with the first law, we have 


(m 2 - mi )hj = m 2 u 2 - m^i 

m 2 (hi -u 2 ) = m 1 (h i -ui) (a) 

There are two unknowns in this equation— m 2 and u 2 . However, we have one addi- 
tional equation: 

m 2 v 2 = V =0.4 m 3 (b) 

Substituting (b) into (a) and rearranging, we have 

V 

-(h i -u 2 )-mi(h i -ui) = 0 (c) 

VI 

in which the only unknowns are v 2 and u 2 , both functions of T 2 and P 2 . Since T 2 is 
unknown, it means that there is only one value of T 2 for which Eq. (c) will be satisfied, 
and we must find it by trial and error. 

Solution 

We have 

Vi = 0.5243 m 3 /kg, m 2 = = 0.763 kg 

/ y i Q ^ 5243 y 


hi = 3040.4 kj /kg 


u i = 2548.9 kj /kg 
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EXAMPLE 6.13 


Assume that 


T 2 = 300°C 

For this temperature and the known value of P 2 , we get 

v 2 = 0.1823 m 3 /kg, u 2 — 2785.2 kj /kg 
Substituting into (c), we obtain 

-^-(3040.4 - 2785.2) - 0.763(3040.4 - 2548.9) = +185.0 kj 
0.1823 

N ow assume instead that 


T 2 = 350°C 


For this temperature and the known P 2 , we get 

v 2 = 0.2003 m 3 /kg, u 2 — 2869.1 kj /kg 
Substituting these values into (c), we obtain 

^-^(3040.4 - 2869.1) - 0.763(3040.4 - 2548.9) = -32.9 kj 

and we find that the actual T 2 must be between these two assumed values in order that (c) 
be equal to zero. By interpolation, 

T 2 = 342°C and v 2 = 0.1974 m 3 /kg 


0.4 


The final mass inside the tank is 

mi 0.1974 
and the mass of steam that flows into the tank is 


= 2.026 kg 


rrij = m 2 — m\ = 2.026 - 0.763 = 1.263 kg 


A tank of 2 m 3 volume contains saturated ammonia at a temperature of 40°C . I nitially the 
tank contains 50% liquid and 50% vapor by volume. Vapor is withdrawn from the top of 
the tank until the temperature is 10°C. Assuming that only vapor (i.e., no liquid) leaves 
and that the process is adiabatic, calculate the mass of ammonia that is withdrawn. 


Control volume: 
Initial state: 
Final state: 
Exit state: 
Process: 
Model : 


Tank. 

T i, V | iq , l/ vap ; state fixed. 

T 2 . 

Saturated vapor (temperature changing). 
Transient. 

Ammonia tables. 
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Analysis 

In the first law, Eq. 6.16, we note that Qc.v. = 0, l/l/c.v. = 0, and m, = 0, and we assume 
that changes in kinetic and potential energy are negligible. However, the enthalpy of 
saturated vapor varies with temperature, and therefore we cannot simply assume that the 
enthalpy of the vapor leaving the tank remains constant. However, we note that at 40°C, 
h g = 1470.2 kj/kg and at 10°C, h g = 1452.0 kj/kg. Since the change in h g during this 
process is small, we may accurately assume that h e is the average of the two values given 
above. Therefore, 

(/] e ) av = 1461.1 kj/kg 

and the first law reduces to 


m e h e + m 2 u 2 - miUi = 0 


and the continuity equation (from Eq. 6.15) becomes 

(m 2 -m 1 ) cv +m e = 0 
Combining these two equations, we have 

m 2 (h e - u 2 ) = mih e - miUi 


Solution 

The foil owing values are from the ammonia tables: 

Vf\ = 0.001 725 m 3 /kg, v g i = 0.083 13 m 3 /kg 

Vf 2 — 0.001 60, Vf g2 = 0.203 81 

Ufi — 368.7 kj /kg, u g2 = 1341.0 kj /kg 

u f 2 = 226.0, u f g 2 = 1099.7 

Calculating first the initial mass, mi, in the tank, we find that the mass of the liquid 
initially present, mn, is 


V f 1.0 
0.001 725 


= 579.7 kg 


Similarly, the initial mass of vapor, m gl , is 


m g i = 


V n 


1.0 


= 12.0 kg 


\/ g i 0.083 13 
mi = m f i + m g i = 579.7 + 12.0 = 591.7 kg 
mj/ie = 591.7 x 1461.1 = 864 533 kj 


miUi = ( mu) fl + (mu) gl = 579.7 x 368.7 + 12.0 x 1341.0 
= 229 827 kj 

Substituting these into the first law, we obtain 

m 2 (h e - u 2 ) = rrhhe - rrhUi = 864 533 - 229 827 = 634 706 kj 
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EXAMPLE 6.1 3E 


There are two unknowns, m 2 and U 2 , in this equation. However, 

1 / 2.0 
1712 ~ v~ 2 ~ 0.001 60 + x 2 (0.203 81) 
and 


u 2 = 226.0 + x 2 (1099.7) 

and thus both are functions only of x 2 , the quality at the final state. Consequently, 
2.0(1461.1 - 226.0 - 1099.7x2) 


Solving for x 2 , we get 


Therefore, 


0.00160 + 0.203 81x2 


x 2 = 0.011057 


= 634 706 


v 2 = 0.001 60 + 0.011 057 x 0.203 81 = 0.003 853 5 m 3 /kg 
= 519 kg 


1 / 2 

m2 ~v~ 2 ~ 0.003 853 5 


and the mass of ammonia withdrawn, m e , is 

m e = m 1 -m 2 = 591.7 - 519 = 72.7 kg 


A tank of 50 ft 3 volume contains saturated ammonia at a temperature of 100 F. I nitially 
the tank contains 50% liquid and 50% vapor by volume. Vapor is withdrawn from the top 
of the tank until the temperature is 50 F. Assuming that only vapor (i.e., no liquid) leaves 
and that the process is adiabatic, calculate the mass of ammonia that is withdrawn. 


Control volume: 
Initial state : 
Final state: 
Exit state: 
Process: 
Model: 


Tank. 

Ti,V | iq , V vap ; state fixed. 

Ti. 

Saturated vapor (temperature changing). 
Transient. 

Ammonia tables. 


Analysis 

in the first law, Eq. 6.16, we note that Q c .v. = 0, 1/1/ c. v. = 0, and m, = 0, and we assume 
that changes in kinetic and potential energy are negligible. However, the enthalpy of 
saturated vapor varies with temperature, and therefore we cannot simply assume that the 
enthalpy of the vapor leaving the tank remains constant. We note that at 100 F, h g = 631.8 
Btu/lbm and at 50 F, h g = 624.26 Btu/lbm. Since the change in h g during this process is 
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small, we may accurately assume that h e is the average of the two values given above. 
Therefore 

(^e)avg = 628 Btu/lbm 

and the first law reduces to 


m e h e + m 2 u 2 - miUi = 0 
and the continuity equation (from Eq. 6.15) is 

(m 2 -m 1 ) cv +m e = 0 
Combining these two equations, we have 

m 2 (h e - u 2 ) = mih e - miUi 
The foil owing values are from the ammonia tables: 

Vn — 0.0274 7 ft 3 /lbm, v g i = 1.4168 ft 3 /l bm 

Vf 2 — 0.025 64 ft 3 /! bm v fg2 = 3.264 7 ft 3 /l bm 

u f 1 = 153.89 Btu/lbm, u g i = 576.23 Btu/lbm 

Uf 2 — 97.16 Btu/lbm, Uf g2 = 472.78 Btu/lbm 

Calculating first the initial mass, m 1 , in the tank, the mass of the liquid initially 
present, m fl , is 


V f 25 
mn ~ vi~i~ 0.027 47 
Similarly, the initial mass of vapor, m g 1 , is 


= 910.08 Ibm 


V g 

m g 1 = — 
Vgl 


25 


= 17.65 Ibm 


1.416 8 

mi = m f 1 + m g i = 910.08 + 17.65 = 927.73 Ibm 
m 2 h e = 927.73 x 628 = 582 614 Btu 

miUi = (mu) fl + (mu) gl = 910.08 x 153.89 + 17.65 x 576.23 = 150 223 Btu 
Substituting these into the first law, 

m 2 (h e - u 2 ) = mih e - m 2 Ui = 582 614 - 150 223 = 432 391 Btu 
There are two unknowns, m 2 and u 2 , in this equation. However, 


and 


1 / 

m 2 = - 
v 2 


50 


0.025 64 + x 2 (3.264 7) 


u 2 = 97.16 + x 2 (472.78) 

both functions only of x 2 , the quality at the final state. Consequently, 
50(628 — 97.16 — x 2 472.78) 


0.025 64 + 3.2647x2 


= 432 391 


Solving, 


x 2 = 0.010 768 
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Therefore, 


1/2 = 0.025 64 + 0.010 768 x 3.264 7 = 0.060 794 ft 3 /lbm 
1/ 50 

m 2 = — = . ... = 822.4 Ibm 

1/2 0.060 794 

and the mass of ammonia withdrawn, m e , is 

m e = mi - m 2 = 927.73 - 822.4 = 105.3 Ibm 


In-Text Concept Question 

k. An initially empty cylinder is filled with air from 20°C, 100 kPa until is is full. 
Assuming no heat transfer, is the final temperature larger than, equal to, or smaller 
than 20°C? Does the final T depend on the size of the cylinder? 


6.6 


ENGINEERING APPLICATIONS 


Flow Systems and Flow Devices 

The majority of devices and technical applications of energy conversions and transfers 
involve the flow of a substance. They can be passive devices like valves and pipes to active 
devices like turbans and pumps that involve work or heat exchangers that involve a heat 
transfer in or out of the flowing fluid. 


Passive Devices as Nozzles, Diffusers, and Valves or Throttles 

A nozzle is a passive (no moving parts) device that increases the velocity of a fluid stream 
at the expense of its pressure. Its shape, smoothly contoured, depends on whether the flow 
is subsonic or supersonic. The large nozzle of the NASA space shuttle’s main engine was 
shown in Fig. 1.12b. A diffuser, basically the opposite of a nozzle, is shown in Fig. 6.16, in 
connection with flushing out a fire hydrant without having a high-velocity stream of water. 



FIGURE 6.16 Diffuser. 
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A flow is normally controlled by operating a valve that has a variable opening for 
the flow to pass through. With a small opening it represents a large restriction to the flow 
leading to a high pressure drop across the valve, whereas a large opening allows the flow to 
pass through freely with almost no restriction. There are many different types of valves in 
use, several of which are shown in Fig. 6.17. 

Heaters/Coolers and Heat Exchangers 

Two examples of heat exchangers are shown in Fig. 6.18. The aftercooler reduces the 
temperature of the air coming out of a compressor before it enters the engine. The purpose 
of the heat exchanger in Fig. 6.18b is to cool a hot flow or to heat a cold flow. The inner 
tubes act as the interphase area between the two fluids. 

Active Flow Devices and Systems 

A few air compressors and fans are shown in Fig. 6.19. These devices require a work input 
so the compressor can deliver air flow at a higher pressure and the fan can provide an air 
flow with some velocity. 



(i a ) Ball valve 



"0 



( b ) Check valve 


(c) Large butterfly valve 


FIGURE 6.17 Several 
types of valves. 




( e ) Pipeline gate valve 
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FIGURE 6.18 Heat 
exchangers. 



(a) An after cooler for a diesel engine 



( b ) A shell and tube heat exchanger 


Tube 

bundle 




( b ) A simple fan 


(a) Centrifugal air compressor for a car 


FIGURE 6.19 Air 

compressors and fans. 



(c) Large axial-flow gas turbine compressor rotor 
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Different types of liquid pumps are shown in Fig. 6.20. 

Three different types of turbines are shown in Fig. 6.21. The steam turbine's outer 
stationary housing also has blades that turn the flow. These are not shown in Fig. 6.21b. 

Figure 6.22 shows an air conditioner in cooling mode. It has two heat exchangers: 
one inside that cools the inside air and one outside that dumps energy into the outside 
atmosphere. This is functionally the same as what happens in a refrigerator. The same 
type of system can be used as a heat pump. In heating mode, the flow is switched so that 
the inside heat exchanger is the hot one (condenser and heat rejecter) and the outside is the 
cold one (evaporator). 

There are many types of power-producing systems. A coal-fired steam power plant 
was shown schematically in Figs. 1.1 and 1.2. A schematic of a shipboard nuclear- powered 
propulsion system was shown in Fig. 1.3, and other types of engines were also described in 
Chapter 1. This subject will be developed in detail in Chapters 11 and 12. 





( b ) Irrigation pump 


(c) M anual oil pump 


High-pressure 
fluid in 



Fluid in Discharge 
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FIGURE 6.21 

Examples of turbines. 



(a) Large wind turbine 



(b) Steam turbine shaft with rotating blades 


Generator 



SUMMARY Conservation of mass is expressed as a rate of change of total mass due to mass flows into 
or out of the control volume. The control mass energy equation is extended to include mass 
flows that also carry energy (internal, kinetic, and potential) and the flow work needed to push 
the flow in or out of the control volume against the prevailing pressure. The conservation 
of mass (continuity equation) and the conservation of energy (first law are applied to a 
number of standard devices. 

A steady-state device has no storage effects, with all properties constant with time, 
and constitutes the majority of all flow-type devices. A combination of several devices 
forms a complete system built for a specific purpose, such as a power plant, jet engine, or 
refrigerator. 

A transient process with a change in mass (storage) such as filling or emptying of a 
container is considered based on an average description. It is also realized that the startup 
or shutdown of a steady-state device leads to a transient process. 
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FIGURE 6.22 
Household 

air-conditioning system. 



You should have learned a number of skills and acquired abilities from studying this 
chapter that will allow you to 

• U nderstand the physical meaning of the conservation equations. Rate= +in - out. 

• Understand the concepts of mass flow rate, volume flow rate, and local velocity. 

• Recognize the flow and nonflow terms in the energy equation. 

• K now how the most typical devices work and if they have heat or work transfers. 

• Have a sense about devices where kinetic and potential energies are important. 

• A nalyzesteady-state single- flow devices such as nozzles, throttles, turbines, or pumps. 

• Extend the application to a multiple-flow device such as a heat exchanger, mixing 
chamber, or turbine, given the specific setup. 

• Apply the conservation equations to complete systems as a whole or to the individual 
devicesand recognize their connections and interactions. 

• Recognize and use the proper form of the equations for transient problems. 

• Be able to assume a proper average value for any flow term in a transient. 

• Recognize the difference between storage of energy (dE/dt) and flow ( rhh ). 

A number of steady-flow devices are listed in Table 6.1 with a very short statement of 
the device's purpose, known facts about work and heat transfer, and a common assumption 
if appropriate. This list is not complete with respect to the number of devices or with respect 
to the facts listed but is meant to show typical devices, some of which may be unfamiliar to 
many readers. 
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TABLE 6.1 

Typical Steady-F low Devices 


Device 

Purpose 

Given 

Assumption 

Aftercooler 

Cool a flow after a compressor 

w = 0 

P = constant 

Boiler 

B ring substance to a vapor state 

w = 0 

P = constant 

Combustor 

Burn fuel; acts like heat transfer in 

w = 0 

P = constant 

Compressor 

Bring a substance to higher pressure 

w in 

<7 = 0 

Condenser 

Takeq out to bring substance to liquid state 

w = 0 

P = constant 

Deaerator 

Remove gases dissolved in liquids 

w = 0 

P = constant 

Dehumidifier 

Remove water from air 


P = constant 

Desuperheater 

Add liquid water to superheated vapor steam to 
make it saturated vapor 

w = 0 

P = constant 

Diffuser 

Convert KE energy to higher P 

w = 0 

<7 = 0 

Economizer 

Low-T,low-P heat exchanger 

w = 0 

P = constant 

Evaporator 

Expander 

B ring a substance to vapor state 

Similar to a turbine, but may have a q 

w = 0 

P = constant 

Fan/blower 

M ove a substance, typically air 

w in, KE up 

P =C,g = 0 

Feedwater heater 

FI eat liquid water with another flow 

w = 0 

P = constant 

Flash evaporator 

Generate vapor by expansion (throttling) 

w = 0 

<7 = 0 

FI eat engine 

Convert part of heat into work 

q in, w out 


FI eat exchanger 

T ransfer heat from one medium to another 

w = 0 

P = constant 

FI eat pump 

M ove a Q from T !ow to T high ; requires 
a work input, refrigerator 

w in 


FI eater 

FI eat a substance 

w = 0 

P = constant 

H umidifier 

Add water to air-water mixture 

w = 0 

P = constant 

Intercooler 

FI eat exchanger between compressor stages 

w = 0 

P = constant 

Nozzle 

Create KE; P drops 

M easureflow rate 

w = 0 

<7 = 0 

M ixing chamber 

M ix two or more flows 

w = 0 

<7 = 0 

Pump 

Same as compressor, but handles liquid 

w in, P up 

q = 0 

Reactor 

A llow reaction between two or more substances 

w = 0 

q = 0 ,P = C 

Regenerator 

U sually a heat exchanger to recover energy 

w = 0 

P = constant 

Steam generator 

Same as boiler; heat liquid water to superheat vapor 

w = 0 

P = constant 

Supercharger 

A compressor driven by engine shaft work 
to drive air into an automotive engine 

w in 


Superheater 

Throttle 

A heat exchanger that brings T upoverT sat 

Same as valve 

w = 0 

P = constant 

Turbine 

C reate shaft work from high P flow 

w out 

<7 = 0 

Turbocharger 

A compressor driven by an exhaust flow 
turbine to charge air into an engine 

IV turbine = — 1/1/ c 


Valve 

Control flow by restriction; P drops 

W = 0 

<7 = 0 
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KEY CONCEPTS 
AND FORMULAS 


Volume flow rate 

M ass flow rate 

Flow work rate 

Flow direction 

V = fVdA = AV (using average vel ocity) 

m = f pV dA = pAV = AV/v (using average values) 

1/1/ flow = P V = mPv 

From higher P to lower P unless significant KE or PE 

1 nstantaneous Process 

Continuity equation 
Energy equation 

m c.v. = Em i 

E c.v. = 0 c.v. -W c .v. + Ziii h toti ~ E™Aote 

Total enthalpy 

htot = h + - V 2 + gZ = f) stagnation + QZ 

Steady State 

No storage: m c .v. = 0; £ c.v. = 0 

Continuity equation 
Energy equation 

Specific heat transfer 
Specific work 
Steady-state, single- flow 
energy equation 

£/rij=£m e (in = out) 

Qc.v. + L^toti = W c.v. + E niehtote (in = out) 
q = Q cv /rri (steady state only) 
w = l/l/ c v /m (steady state only) 

Q + htoti = w + htote (in = out) 

Transient Process 

Continuity equation 
Energy equation 

m 2 - m-! = E m i ~E m e 

E 2 -E 1 = lO 2 -lW 2 + E m i h toti ~E m eh t ote 


E 2 -E 1 = m 2 (u 2 + ^\fj + gz 2 ) - mi(ui + + gZ i) 

^tote = El tot exit average ^ ^ hot el +^tote2) 


CONCEPT-STUDY GUIDE PROBLEMS 

6.1 A temperature difference drives a heat transfer. 
Does a similar concept apply to ml 

6.2 W hat effect can be felt upstream in a flow? 

6.3 Which of the properties (P, v, T) can be controlled 
in a flow? How? 

6.4 Air at 500 kPa is expanded to 100 kPa in two steady 
flow cases. Case one is a nozzle and case two is a 
turbine; the exit state is the same for both cases. 
W hat can you say about the specific turbine work 
relativeto thespecific kinetic energy in theexitflow 
of the nozzle? 


6.5 Pipes that carry a hot fluid like steam in a power 
plant, exhaust pipe for a diesel engine in a ship, 
etc., are often insulated. Is that done to reduce heat 
loss or is there another purpose? 

6.6 A windmill takes out a fraction of the wind kinetic 
energy as power on a shaft. How do the tempera- 
ture and wind velocity influence the power? Hint: 
write the power term as mass flow rate times spe- 
cific work. 

6.7 An underwater turbine extracts a fraction of the 
kinetic energy from the ocean current. How do 
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the temperature and water velocity influence the 
power? Hint: write the power term as mass flow 
rate times specific work. 

6.8 A liquid waterturbine atthe bottom of a dam takes 
energy out as power on a shaft. Which term(s) in 
the energy equation are changing and important? 

6.9 You blow a balloon up with air. What kinds of work 
terms, including flow work, do you see in that case? 
Where is energy stored? 


6.10 A storage tank for natural gas has a top dome that 
can move up or down as gas is added to or sub- 
tracted from the tank, maintaining 110 kPa, 290 K 
inside. A pipeline at 110 kPa, 290 K now supplies 
some natural gas to the tank. Does its state change 
during thefil ling process? W hat happens to the flow 
work? 


HOMEWORK PROBLEMS 


Continuity Equation and Flow Rates 

6.11 Carbon dioxide at 200 kPa, 10°C flows at 1 kg/s i n a 
0.25-m 2 cross-sectional area pipe. Find the velocity 
and the volume flow rate. 

6.12 Airat35°C, 105 kPaflows in a 100-mm x 150-mm 
rectangular duct in a heating system. The volumet- 
ric flow rate is 0.015 m 3 /s. W hat is the velocity of 
the air flowing in the duct and what is the mass flow 
rate? 

6.13 An empty bath tub has its drain closed and is be- 
ing filled with water from the faucet at a rate of 
10 kg/min. After 10 min the drain is opened and 
4 kg/min flows out; atthe same time, the inlet flow 
is reduced to 2 kg/min. Plot the mass of the wa- 
ter in the bathtub versus time and determine the 
time from the very beginning when the tub will be 
empty. 

6.14 Saturated vapor R-134a leaves the evaporator in a 
heat pump system at 10°C with a steady mass flow 
rate of 0.1 kg/s. What is the smallest diameter tub- 
ing that can be used at this location if the velocity 
of the refrigerant is not to exceed 7 m/s? 

6.15 A boiler receives a constant flow of 5000 kg/h liq- 
uid water at 5 M Pa and 20°C, and it heats the 
flow such that the exit state is 450°C with a pres- 
sure of 4.5 MPa. Determine the necessary min- 
imum pipe flow area in both the inlet and exit 
pipe(s) if there should be no velocities larger than 
20 m/s. 

6.16 A hot-air home heating system takes 0.25 m 3 /s air 
at 100 kPa, 17°C into a furnace, heats it to 52°C, 
and delivers the flow to a square duct 0.2 m by 
0.2 m at 110 kPa (see Fig. P6.16). What is the 
velocity in the duct? 




FIGURE P6.16 


6.17 A flat channel of depth 1 m has a fully developed 
laminar flow of airatPo, To with a velocity profile 
of: V = 4 V c x (H — x)/H 2 , where V c is the veloc- 
ity on the centerline and x is the distance across the 
channel, as shown in Fig. P6.17. Findthetotal mass 
flow rate and the average velocity both asfunctions 
of V c and H . 



6.18 N itrogen gas flowing in a 50-mm-diameter pipe at 
15°C and 200 kPa, at the rate of 0.05 kg/s, en- 
counters a partially closed valve. If there is a pres- 
sure drop of 30 kPa across the valve and essentially 
no temperature change, what are the velocities up- 
stream and downstream of the valve? 
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6.19 A household fan of diameter 0.75 m takes air in 
at 98 kPa, 22°C and delivers it at 105 kPa, 23°C 
with a velocity of 1.5 m/s (see Fig. P6.19). What 
are the mass flow rate (kg/s), the inlet velocity, and 
the outgoing volumeflow rate in m 3 /s? 


FIGURE P6.19 

Single-Flow, Single-Device Processes 

Nozzles, Diffusers 

6.20 L iquid water at 15°C flows out of a nozzle straight 
up 15 m. What is nozzle V eX it? 

6.21 N itrogen gas flows into a convergent nozzle at 200 
kPa, 400 K and very low velocity. 1 1 flows out of the 
nozzle at 100 kPa, 330 K . If the nozzle is insulated, 
find the exit velocity. 

6.22 A nozzle receives 0.1 kg/s of steam at 1 M Pa, 400°C 
with negligible kinetic energy. The exit is at 500 
kPa, 350°C, and the flow is adiabatic. Find the noz- 
zle exit velocity and the exit area. 

6.23 In a jet engine a flow of air at 1000 K, 200 kPa, 
and 30 m/s enters a nozzle, as shown in Fig. P6.23, 
where the air exits at 850 K , 90 kPa. W hat is the 
exit velocity, assuming no heat loss? 


6.24 In a jet engine a flow of air at 1000 K, 200 kPa, and 
40 m/s enters a nozzle, where the air exits at 500 
m/s, 90 kPa. W hat is the exit temperature, assuming 
no heat loss? 

6.25 Superheated vapor ammonia enters an insulated 
nozzle at 20°C, 800 kPa, as shown in Fig. P6.25, 
with alow velocity and at a steady rate of 0.01 kg/s. 
The ammonia exits at 300 kPa with a velocity of 
450 m/s. Determine the temperature (or quality, if 
saturated) and the exit area of the nozzle. 



6.26 Airflows into a diffuser at 300 m/s, 300 K, and 100 
kPa. At the exit, the velocity is very small but the 
pressure is high. Find the exit temperature, assum- 
ing zero heat transfer. 

6.27 A sluice gate dams water up 5 m. A 1-cm-diameter 
hole at the bottom of the gate allows liquid water at 
20°C to come out. Neglect any changes in internal 
energy and find theexitvelocity and mass flow rate. 

6.28 A diffuser, shown in Fig. P6.28, has air entering 
at 100 kPa and 300 K with a velocity of 200 m/s. 
The inlet cross-sectional area of the diffuser is 100 
mm 2 . At the exit the area is 860 mm 2 , and the exit 
velocity is 20 m/s. Determine the exit pressure and 
temperature of the air. 





6.29 A diffuser receives an ideal-gas flow at 100 kPa, 
300 K with a velocity of 250 m/s, and the exit 
velocity is 25 m/s. Determine the exit temperature 
if the gas is argon, helium, or nitrogen. 
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6.30 T he front of a jet engi ne acts as a diffuser, receivi ng 
air at 900 km/h, -5°C, and 50 kPa, bringing it to 
80 m/s relative to the engine before entering the 
compressor (see Fig. P6.30). If the flow area is re- 
duced to 80% of the i nlet area, find the temperature 
and pressure in the compressor inlet. 


FIGURE P6.30 


Throttle Flow 

6.31 Carbon dioxide used as a natural refrigerant flows 
out of a cooler at 10 M Pa, 40°C, after which it is 
throttled to 1.4 M Pa. Find the state (T, x) for the 
exit flow. 

6.32 R-134a at 30°C, 800 kPa is throttled so that it 
becomes cold at-10°C. What is exit PI 

6.33 Helium is throttled from 1.2 M Pa, 20°C to a pres- 
sure of 100 kPa. The diameter of the exit pipe is so 
much larger than that of the inlet pi pe that the inlet 
and exit velocities are equal. Find the exit temper- 
ature of the helium and the ratio of the pipe diam- 
eters. 

6.34 Saturated vapor R-134a at 500 kPa is throttled to 
200 kPa in a steady flow through a valve. The ki- 
netic energy in the inlet and exit flows is the same. 
W hat is the exit temperature? 

6.35 Saturated liquid R -410a at 25°C is throttled to 400 
kPa in a refrigerator. What is the exit temperature? 
Find the percent increase in the volume flow rate. 

6.36 Carbon dioxide is throttled from 20°C, 2000 kPa to 
800 kPa. Find the exit temperature, assuming ideal 
gas, and repeat for real gas behavior. 

6.37 Liquid water at 180°C, 2000 kPa is throttled into a 
flash evaporator chamber having a pressure of 500 
kPa. N eglect any change i n the ki netic energy. W hat 
is the fraction of liquid and vapor in the chamber? 

6.38 R-134a is throttled in a line flowing at 25°C, 750 
kPa with negligible kinetic energy to a pressure of 
165 kPa. Find the exit temperature and the ratio 
of the exit pipe diameter to that of the inlet pipe 
(Dex/D in) so that the velocity stays constant. 


6.39 Water is flowing in a line at 400 kPa, and saturated 
vapor is taken out through a valve to 100 kPa. W hat 
is the temperature as it leaves the valve, assuming 
no changes in kinetic energy and no heat transfer? 

Turbines, Expanders 

6.40 A steam turbine has an inlet of 2 kg/s water at 1000 
kPa and 350°C with a velocity of 15 m/s. The exit 
is at 100 kPa, 150°C and velocity is very low. Find 
the specific work and the power produced. 

6.41 Air at 20 m/s, 260 K, 75 kPa with 5 kg/s flows 
into a jet engine and flows out at 500 m/s, 800 K, 
75 kPa. What is the change (power) in flow of ki- 
netic energy? 

6.42 A liquid water turbi ne receives 2 kg/s water at 2000 
kPa, 20°C with a velocity of 15 m/s. The exit is at 
100 kPa, 20°C, and very low velocity. Find thespe- 
cific work and the power produced. 

6.43 A windmill with a rotor diameter of 30 m takes 
40% of the kinetic energy out as shaft work on a 
day with a temperature of 20°C and a wind speed 
of 30 km/h. W hat power is produced? 

6.44 Hoover Dam across the Colorado River dams up 
LakeM ead 200 m higher than the river downstream 
(see Fig. P6.44). The electric generators driven by 
water-powered turbines deliver 1300 M W of power. 
If the water is 17. 5°C, find the minimum amount of 
water running through the turbines. 



turbine 

FIGURE P6.44 

6.45 A small expander (a turbine with heat transfer) has 
0.05 kg/s helium entering at 1000 kPa, 550 K and 
leaving at 250 kPa, 300 K . The power output on the 
shaft measures 55 kW. Find the rate of heat transfer, 
neglecting kinetic energies. 

6.46 A small turbine, shown in Fig. P6.46, is operated 
at part load by throttling a 0.25-kg/s steam supply 
at 1.4 M Pa and 250°C down to 1.1 M Pa before it 
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enters the turbine, and the exhaust is at 10 kPa. If 
the turbine produces 110 kW, find the exhaust tem- 
perature (and quality if saturated). 


© © 



6.47 A small, high-speed turbine operating on com- 
pressed air produces a power output of 100 W. The 
inlet state is 400 kPa, 50°C, and the exit state is 150 
kPa, -30°C. Assuming the velocities to below and 
the process to be adiabatic, find the required mass 
flow rate of air through the turbine. 

Compressors, Fans 

6.48 A compressor in a commercial refrigerator receives 
R-410aat-25°C andx = 1. The exit is at 1200 kPa 
and 60°C . N eg I ect ki netic energies and find the spe- 
cific work. 

6.49 A refrigerator uses the natural refrigerant carbon 
dioxi de where thecompressor brings 0.02 kg/s from 
1 M Pa, -20°C to 6 M Pa using 2 kW of power. Find 
the compressor exit temperature. 

6.50 A compressor brings R-134afrom 150 kPa,-10°C 
to 1200 kPa, 50°C. It is water cooled, with heat 
loss estimated as 40 kW, and the shaft work input 
is measured to be 150 kW. W hat is the mass flow 
rate through the compressor? 

6.51 An ordinary portable fan blows 0.2 kg/s of room 
air with a velocity of 18 m/s (see Fig. P6. 19). What 
istheminimum power electric motor that can drive 
it? Flint: Are there any changes in P or T? 

6.52 The compressor of a large gas turbine receives air 
fromtheambientsurroundingsat95 kPa, 20°C with 
low velocity. At the compressor discharge, airexits 
at 1.52 M Pa, 430°C with a velocity of 90 m/s. The 
power input to the compressor is 5000 kW. Deter- 
mine the mass flow rate of air through the unit. 

6.53 A compressor in an industrial air conditioner com- 
presses ammonia from a state of saturated vapor 
at 150 kPa to a pressure of 800 kPa. At the exit, 
the temperature is 100°C and the mass flow rate is 


0.5 kg/s. W hat is the required motor size (kW ) for 
this compressor? 

6.54 AnaircompressortakesinairatlOOkPa, 17°C,and 
delivers it at 1 M Pa, 600 K to a constant-pressure 
cooler, which the air exits at 300 K (seeFig. P6.54). 
Find the specific compressor work and the specific 
heat transfer in the cooler. 

i 


-w c 

Compressor section Cooler section 

FIGURE P6.54 

6.55 A n exhaustfan in a building should beableto move 
2.5 kg/s of air at 98 kPa, 20°C through a 0.4-m- 
diameter vent hole. Flow high a velocity must it 
generate, and how much power is required to do 
that? 

6.56 Flow much power is needed to run the fan in Prob- 
lem 6.19? 

6.57 A compressor in an air conditioner receives sat- 
urated vapor R-410a at 400 kPa and brings it to 
1.8 M Pa, 60°C in an adiabatic compression. Find 
the flow rate for a compressor work of 2 kW. 

FI eaters, Coolers 

6.58 Carbon dioxide enters a steady-state, steady-flow 
heater at 300 kPa, 300 K and exits at 275 kPa, 1500 
K, as shown in Fig. P6.58. Changes in kinetic and 
potential energies are negligible. Calculate the re- 
quired heat transfer per kilogram of carbon dioxide 
flowing through the heater. 




FIGURE P6.58 


6.59 A condenser (cooler) receives 0.05 kg/s of R-410a 
at 2000 kPa, 60°C and cools it to 15°C. Assume 
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the exit properties are as for saturated liquid and 
the samel. What cooling capacity (kW) must the 
condenser have? 

6.60 Saturated liquid nitrogen at 600 k Pa enters a boiler 
at a rate of 0.005 kg/s and exits as saturated vapor 
(see Fig. P6.60). it then flows into a superheater 
also at 600 kPa, where it exits at 600 kPa, 280 K . 
Find the rate of heat transfer in the boiler and the 
superheater. 



FIGURE P6.60 


6.61 The air conditioner in a house or a car has a cooler 
that brings atmospheric airfrom 30°C to 10°C with 
both states at 101 kPa. If the flow rate is 0.5 kg/s, 
find the rate of heat transfer. 

6.62 A chiller cools liquid water for air-conditioning 
purposes. A ssume that 2.5 kg/s water at 20°C , 100 
kPa is cooled to 5°C in a chiller. Flow much heat 
transfer (kW) is needed? 

6.63 Carbon dioxide used as a natural refrigerant flows 
through a cooler at 10 MPa, which is supercriti- 
cal so that no condensation occurs. The inlet is at 
200°C and the exit is at 40°C. Find the specific heat 
transfer. 

6.64 Liquid glycerine flows around an engine, cooling 
it as it absorbs energy. The glycerine enters the en- 
gine at 60°C and receives 19 kW of heat transfer. 
What is the required mass flow rate if the glycer- 
ine should come out at a maximum temperature of 
95°C? 

6.65 In a steam generator, compressed liquid water at 
10 M Pa, 30°C enters a 30-mm-diameter tube at a 
rate of 3 L/s. Steam at 9 M Pa, 400°C exits the tube. 
Find the rate of heat transfer to the water. 

6.66 In a boiler you vaporize some liquid water at 100 
kPa flowing at 1 m/s. What is the velocity of the 
saturated vapor at 100 kPa if the pipe size is the 
same? Can the flow then be constant P? 

6.67 Liquid nitrogen at 90 K, 400 kPa flows into a probe 
used in a cryogenic survey, in the return line the 


nitrogen is then at 160 K, 400 kPa. Find the specific 
heat transfer to the nitrogen. If the return line has 
a cross-sectional area 100 times larger than that of 
the inlet line, what is the ratio of the return velocity 
to the inlet velocity? 

Pumps, Pipe and Channel Flows 

6.68 A steam pi pe for a 300-m-tal I building receives su- 
perheated steam at 200 kPa at ground level. At the 
top floor the pressure is 125 kPa, and the heat loss 
in the pipe is 110 kj /kg. What should the inlet tem- 
perature be so that no water will condense inside 
the pipe? 

6.69 A small stream with water at 20°C runs out over a 
cliff, creating a 100-m-tall waterfall. Estimate the 
downstream temperature when you neglect the hor- 
izontal flow velocities upstream and downstream 
from the waterfall. Flow fast was the water dropping 
just before it splashed into the pool at the bottom 
of the waterfall? 

6.70 A n irrigation pump takes water from a river at 10°C, 
100 kPa and pumps it up to an open canal, where it 
flows out 100 m higher at 10°C. The pipe diameter 
in and out of the pump is 0.1 m, and the motor driv- 
ing the unit is 5 hp. What is the flow rate, neglecting 
kinetic energy and losses? 

6.71 C onsider a water pump that receives liquid water at 
15°C, 100 kPa and delivers it to a same-diameter 
short pipe having a nozzle with an exit diameter of 
1 cm (0.01 m) to the atmosphere at 100 kPa (see 
Fig. P6.71). Neglect the kinetic energy in the pipes 
and assume constant u for the water. Find the exit 
velocity and the mass flow rate if the pump draws 
1 kW of power. 




6.72 A cutting tool uses a nozzle that generates a high- 
speed jet of liquid water. A ssume an exit velocity of 
500 m/s of 20°C liquid water with a jet diameter of 
2 mm (0.002 m). What is the mass flow rate? What 
size (power) pump is needed to generate this from 
a steady supply of 20°C liquid water at 200 kPa? 
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6.73 A small water pump is used in an irrigation system. 
The pump takes water in from a river at 10°C, 100 
kPa at a rate of 5 kg/s. T he exi 1 1 i ne enters a pi pe that 
goes up to an elevation 20 m above the pump and 
river, where the water runs into an open channel. 
Assume that the process is adiabatic and that the 
water stays at 10°C. Find the required pump work. 

6.74 The main water line into a tall building has a pres- 
sure of 600 kPa at 5 m below ground level, as shown 
in Fig. P6.74. A pump brings the pressure up so that 
thewatercan be delivered at 200 kPaatthetop floor 
150 m above ground level. Assume a flow rate of 
10 kg/s liquid water at 10°C and neglect any differ- 
ence in kinetic energy and internal energy u. Find 
the pump work. 



FIGURE P6.74 



6.77 A compressorreceives0.05kg/sR-410aat200kPa, 
-20°C and 0.1 kg/s R-410a at 400 kPa, 0°C. The 
exit flow is at 1000 kPa, 60°C, as shown in Fig. 
P6.77. Assume it is adiabatic, neglect kinetic ener- 
gies, and find the required power input. 



6.78 Two steady flows of air enter a control volume, as 
shown in Fig. P6.78. One is a 0.025 kg/s flow at 
350 kPa, 150°C , state 1, and the other enters at 450 
kPa, 15°C, state 2. A single flow exits at 100 kPa, 
-40°C, state 3. The control volume ejects 1 kW 
heat to the surroundings and produces 4 kW of 
power output. Neglect kinetic energies and deter- 
mine the mass flow rate at state 2. 


6.75 A pipe flows water at 15°C from one building to 
another. In the winter the pipe loses an estimated 
500 W of heat transfer. What is the minimum re- 
quired mass flow ratethatwill ensure that the water 
does not freeze (i.e., reach 0°C)? 



© 
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FIGURE P6.78 


M ultiple-Flow, Single-Device Processes 

Turbines, Compressors, Expanders 

6.76 A steam turbine receives steam from two boilers 
(see Fig. P6.76). Oneflow is 5 kg/s at 3 M Pa, 700°C 
and the other flow is 15 kg/s at 800 kPa, 500°C.The 
exit state is 10 kPa, with a quality of 96%. Find the 
total power out of the adiabatic turbine. 


6.79 A steam turbine receives water at 15 M Pa, 600°C 
at a rate of 100 kg/s, as shown in Fig. P6.79. in 
the middle section 20 kg/s is withdrawn at 2 M Pa, 
350°C and the rest exits the turbine at 75 kPa, 
with 95% quality. Assuming no heat transfer and 
no changes in kinetic energy, find the total turbine 
power output. 
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6.80 Cogeneration is often used where a steam supply is 
needed for i ndustri al process energy. A ssume that a 
supply of 5 kg/s steam at 0.5 M Pa is needed. Rather 
than generating this from a pump and boiler, the 
setup in Fig. P6.80 is used to extract the supply 
from the high-pressure turbine. Find the power the 
turbine now cogenerates in this process. 


FI eat Exchangers 

6.83 A condenser (heat exchanger) brings 1 kg/s wa- 
ter flow at 10 kPa from 300°C to saturated liquid at 
10 kPa, as shown in Fig. P6. 83. The cooling is done 
by lake water at 20°C that returns to the lake at 
30°C. For an insulated condenser, find the flow rate 
of cooling water. 



© 


© 
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FIGURE P6.83 



6.81 A compressor receives 0.1 kg/s of R-134a at 150 
kPa, -10°C and delivers it at 1000 kPa, 40°C . The 
power input is measured to be 3 kW. The compres- 
sor has heat transfer to air at 100 kPa coming in at 
20°C and leaving at 25°C . W hat is the mass flow 
rate of air? 

6.82 A large, steady expansion engine has two low- 
velocity flows of water entering. H i gh-pressure 
steam enters at point 1 with 2.0 kg/s at 2 M Pa, 
500°C, and 0.5 kg/s of cooling water at 120 kPa, 
30°C centers at point 2. A single flow exits at point 
3, with 150kPaand80% quality, through a 0.15-m- 
diameter exhaust pipe. There is a heat loss of 300 
kW. Find the exhaust velocity and the power output 
of the engine. 


6.84 In a co-flowing (same-direction) heat exchanger, 
1 kg/s air at 500 K flows into one channel and 2 
kg/s air flows into the neighboring channel at 300 
K . If it is infinitely long, what is the exit tempera- 
ture? Sketch the variation of T in the two flows. 

6.85 A heat exchanger, shown in Fig. P6.85, is used to 
cool an airflow from 800 to 360 K, with both states 
at 1 M Pa. The coolant is a water flow at 15°C, 
0.1 M Pa. If the water leaves as saturated vapor, 
find the ratio of the flow rates m wat er/m air . 



4 


2 


Air 


1 


h 2 o 


3 


6.86 A i r at 600 K flows with 3 kg/s into a heat exchanger 
and out at 100°C. Flow much (kg/s) water coming 
in at 100 kPa, 20°C can the air heat to the boiling 
point? 

6.87 An automotive radiator has glycerine at 95°C 
enter and return at 55°C as shown in Fig. P6.87. 
Air flows in at 20°C and leaves at 25°C. If the ra- 
diator should transfer 25 kW, what is the mass flow 
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rate of the glycerine and what is the volume flow 
rate of air in at 100 kPa? 



6.92 A copper wire has been heat treated to 1000 K and 
is now pulled into a cooling chamber that has 1.5 
kg/s air coming in at 20°C; the air leaves the other 
end at 60°C. If the wire moves 0.25 kg/s copper, 
how hot is the copper as it comes out? 

M ixing Processes 

6.93 Two air flows are combined to a single flow. One 
flow is 1 m 3 /s at 20°C and the other is 2 m 3 /s at 
200°C, both at 100 kPa, as in Fig. P6. 93. They mix 
without any heat transfer to produce an exit flow at 
100 kPa. Neglect kinetic energies and find the exit 
temperature and volumeflow rate. 



6.88 A superheater brings 2.5 kg/s of saturated water va- 
por at 2 M Pa to 450°C. The energy is provided by 
hot air at 1200 K flowing outside the steam tube in 
the opposite direction as the water, a setup known 
asa counterflowing heat exchanger (similarto Fig. 
P6.85). Find the smallest possible mass flow rate 
of the air to ensure that its exit temperature is 20° C 
larger than the incoming water temperature. 

6.89 A cooler in an air conditioner brings 0.5 kg/s of 
air at 35°C to 5°C, both at 101 kPa. It then mixes 
the output with a flow of 0.25 kg/s air at 20°C and 
101 kPa, sending the combined flow into a duct. 
Find the total heat transfer in the cooler and the 
temperature in the duct flow. 

6.90 Steam at 500 kPa, 300°C is used to heat cold water 
at 15°C to 75°C for a domestic hot water supply. 
Flow much steam per kilogram of liquid water is 
needed if the steam should not condense? 

6.91 A two-fl ui d heat exchanger has 2 kg/s liquid ammo- 
nia at 20°C , 1003 kPa enteri ng at state 3 and exi ti ng 
at state 4. It is heated by a flow of 1 kg/s nitrogen at 
1500 K, state 1, leaving at 600 K, state2 similarto 
Fig. P6.85. Find the total rateof heat transfer inside 
the heat exchanger. Sketch the temperature versus 
distance for the ammonia and find state 4 (T , v) of 
the ammonia. 



6.94 A de-superheater has a flow of ammonia of 1.5 kg/s 
at 1000 kPa, 100°C that is mixed with another flow 
of ammonia at 25°C and quality 25% in an adia- 
batic mixing chanber. Find the flow rate of the sec- 
ond flow so that the outgoing ammonia is saturated 
vapor at 1000 kPa. 

6.95 An open feedwater heater in a power plant heats 
4 kg/s water at 45°C, 100 kPa by mixing it with 
steam from the turbine at 100 kPa, 250°C, as in 
Fig. P6. 95. Assume the exit flow issaturated liquid 
at the given pressure and find the mass flow rate 
from the turbine. 


l 
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FIGURE P6.95 


6.96 A flow of water at 2000 kPa, 20°C is mixed with 
a flow of 2 kg/s water at 2000 kPa, 180°C. What 
should the flow rate of the first flow be to produce 
an exit state of 200 kPa and 100°C ? 

6.97 A mixingchamberwith heattransfer receives 2 kg/s 
of R-410a, at 1 M Pa, 40°C in one line and 1 kg/s of 
R-410a at 15°C with a quality of 50% in a line with 
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a valve. The outgoing flow isatl M Pa, 60°C. Find 
the rate of heat transfer to the mixing chamber. 



6.98 An insulated mixing chamber receives 2 kg/s of 
R-134a at 1 M Pa, 100°C in a line with low veloc- 
ity. Another line with R-134a as saturated liquid at 
60°C flows through a valve to the mixing chamber 
at 1 M Pa after the valve, as shown in Fig. P6.97. 
The exit flow is saturated vapor at 1 M Pa flowing 
at 20 m/s. Find the flow rate for the second line. 

6.99 To keep a jet engine cool, some intake air bypasses 
the combustion chamber. Assume that 2 kg/s of hot 
air at 2000 K and 500 kPa is mixed with 1.5 kg/s air 
at 500 K , 500 kPa without any external heat trans- 
fer, as in Fig. P6.99. Findtheexittemperatureusing 
constant heat capacity from Table A .5. 


l 


FIGURE P6.99 

6.100 Solve the previous problem using values from 
Table A. 7. 

6.101 Two flows are mixed to form a singleflow. Flow at 
state 1 is 1.5 kg/s of water at 400 kPa, 200°C, and 
flow at state 2 is at 500 kPa, 100°C. Which mass 
flow rate at state 2 will producean ex i 1 7 3 = 150°C 
if the exit pressure is kept at 300 kPa? 

M ultiple Devices, C ycle Processes 

6.102 A flow of 5 kg/s water at 100 kPa, 20°C should 
be delivered as steam at 1000 kPa, 350°C to some 
application. Consider compressing it to 1000 kPa, 
20°C and then heat it at a constant rate of 1000 kPa 
to 350°C. Determine which devices are needed and 
find the specific energy transfers in those devices. 

6.103 The following data are for a simple steam power 
plant as shown in Fig. P6.103. State6 hasx6 = 0.92 


and velocity of 200 m/s. The rate of steam flow is 
25 kg/s, with 300 kW of power input to the pump. 
Piping diameters are 200 mm from the steam gen- 
eratorto theturbineand 75 mm from thecondenser 
to the economizer and steam generator. Determine 
the velocity at state 5 and the power output of the 
turbine. 



I I 
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FIGURE P6.103 

6.104 Forthe steam power pi ant shown in Problem 6.103, 
assume that the cooling water comes from a lakeat 
15°C and is returned at 25°C. Determine the rate 
of heat transfer in the condenser and the mass flow 
rate of cooling water from the lake. 

6.105 Forthe steam power pi ant shown in Problem 6.103, 
determine the rate of heat transfer in the econo- 
mizer, which is a low-temperature heat exchanger. 
Also find the rate of heat transfer needed in the 
steam generator. 

6.106 A somewhat simplified flow diagram for a nuclear 
power plant is given in Fig. P6.106. M ass flow rates 
and the various states in the cycle are shown in the 
accompanying table. 
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Point 

m, kg/s 

P, kPa 

T,C 

h, kj /kg 

1 

75.6 

7240 

sat vap 


2 

75.6 

6900 


2765 

3 

62.874 

345 


2517 

4 


310 



5 


7 


2279 

6 

75.6 

7 

33 

138 

7 


415 


140 

8 

2.772 

35 


2459 

9 

4.662 

310 


558 

10 


35 

34 

142 

11 

75.6 

380 

68 

285 

12 

8.064 

345 


2517 

13 

75.6 

330 



14 




349 

15 

4.662 

965 

139 

584 

16 

75.6 

7930 


565 

17 

4.662 

965 


2593 

18 

75.6 

7580 


688 

19 

1386 

7240 

277 

1220 

20 

1386 

7410 


1221 

21 

1386 

7310 




The cycle includes a number of heaters in which 
heat is transferred from steam, taken out of the tur- 
bine at some intermediate pressure, to liquid water 
pumped from the condenser on its way to the steam 
drum. The heat exchanger in the reactor supplies 
157 M W, and it may be assumed that there is no 
heat transfer in the turbines. 

a. Assuming the moisture separator has no heat 
transfer between the two turbine sections, de- 
termine the enthalpy and quality (h 4 , x 4 ). 

b. Determine the power output of the low-pressure 
turbine. 

c. D etermi ne the power output of the hi gh-pressure 
turbine. 

d. Find the ratio of the total power output of the 
two turbines to the total power delivered by the 
reactor. 

6.107 Consider the power plant described in the previous 
problem. 

a. Determine the quality of the steam leaving the 
reactor. 

b. W hat is the power to the pump that feeds water 
to the reactor? 



FIGURE P6.106 
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6.108 An R-410a heat pump cycle shown in Fig. P6.108 
has an R-410aflow rate of 0.05 kg/s with 5 kW into 
the compressor. The following data are given: 


State 

1 

2 

3 

4 

5 

6 

P, kPa 

3100 

3050 

3000 

420 

400 

390 

T , °C 

120 

110 

45 


-10 

-5 

h, kj/kg 

377 

367 

134 

- 

280 

284 


Compressor 



Diffuser Nozzle 


Calculatetheheattransferfromthecompressor,the 
heat transferfrom the R-410a in the condenser, and 
the heat transfer to the R -410a in the evaporator. 


Condenser 



FIGURE P6.108 


6.109 A modern jet engine has a temperature after com- 
bustion of about 1500 K at 3200 kPa as it enters 
the turbine section (see state 3, Fig. P6.109). The 
compressor inlet is at 80 kPa, 260 K (state 1) and 
the outlet (state 2) is at 3300 kPa, 780 K; the tur- 
bine outlet (state 4) into the nozzle is at 400 kPa, 
900 K and the nozzle exit (state 5) is at 80 kPa, 
640 K . Neglect any heat transfer and neglect kinetic 
energy except out of the nozzle. Find the compres- 
sor and turbine specific work terms and the nozzle 
exit velocity. 


FIGURE P6.109 


6.110 A proposal is made to use a geothermal supply of 
hot water to operate a steam turbine, as shown in 
Fig. P6.110. The high-pressure water at 1.5 M Pa, 
180°C is throttled into a flash evaporator chamber, 
which forms liquid and vapor at a lower pressure of 
400 kPa. The liquid is discarded, while the saturated 
vapor feeds the turbine and exits at 10 kPa with a 
90% quality. If the turbine should produce 1 M W, 
find the required mass flow rate of hot geothermal 
water in kilograms per hour. 



Saturated 
liquid out 


FIGURE P6.110 

T ransient Processes 

6.111 An initially empty cylinder is filled with air from 
20°C, 100 kPa until it is full. Assuming no heat 
transfer, is the final temperature above, equal to, or 
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below 20°C? Does the final T depend on the size 
of the cylinder? 

6.112 An evacuated 150-L tank is connected to a line 
flowing air at room temperature, 25°C, and 8 M Pa 
pressure. The valve is opened, allowing air to flow 
into the tank until the pressure inside is 6 M Pa. At 
this point the valve is closed. This filling process 
occurs rapidly and is essentially adiabatic. The tank 
is then placed in storage, where it eventually returns 
to room temperature. W hat is the final pressure? 

6.113 A 2.5-L tank initially isempty, and we want to fill it 
with 10 g of ammonia. The ammonia comes from 
a line with saturated vapor at 25°C. To achieve the 
desired amount, we cool the tank while we fill it 
slowly, keeping the tank and its content at 30°C. 
Find the final pressure to reach before closing the 
valve and the heat transfer. 

6.114 A tank contains 1 m 3 air at 100 kPa, 300 K . A pipe 
of flowing air at 1000 kPa, 300 K is connected to 
the tank and is filled slowly to 1000 kPa. Find the 
heat transfer needed to reach a final temperature of 
300 K. 

6.115 An initially empty canister of volume 0.2 m 3 is 
filled with carbon dioxide from a line at 800 kPa, 
400 K . Assume the process runs until it stops by 
itself and it is adiabatic. Use constant heat capacity 
to find the final temperature in the canister. 

6.116 Repeat the previous problem but use the ideal gas 
Tables A 8 to solve it. 

6.117 An initially empty bottle is filled with water from 
a line at 0.8 M Pa and 350°C. Assume that there is 
no heat transfer and that the bottle is closed when 
the pressure reaches the line pressure. If the final 
mass is 0.75 kg, find the final temperature and the 
volume of the bottle. 

6.118 A 1-m 3 tank contains ammonia at 150 kPa and 
25°C. The tank is attached to a line flowing am- 
monia at 1200 kPa, 60°C. The valve is opened, and 
mass flows in until the tank is half full of liquid 
(by volume) at 25°C. Calculate the heat transferred 
from the tank during this process. 

6.119 A 25-L tank, shown in Fig. P6.119, that is initially 
evacuated is connected by a valve to an air sup- 
ply line flowing air at 20°C, 800 kPa. The valve is 
opened, and ai r flows into thetank until thepressure 
reaches 600 kPa. Determine the final temperature 
and mass inside the tank, assuming the process is 


adiabatic. Develop an expression for the relation 
between the line temperature and the final temper- 
ature using constant specific heats. 
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FIGURE P6.119 
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6.120 A 200-L tank (see Fig. P6.120) initially contains 
water at 100 kPa and a quality of 1%. FI eat is trans- 
ferred to the water, thereby raising its pressure and 
temperature. At a pressure of 2 M Pa, a safety valve 
opens and saturated vapor at 2 M Pa flows out. The 
process continues, maintaining 2 M Pa inside until 
the quality in the tank is 90%, then stops. Deter- 
mine the total massof water that flowed out and the 
total heat transfer. 



FIGURE P6.120 

6.121 FI el i urn in a steel tank is at 250 kPa, 300 K with 
a volume of 0.1 m 3 . It is used to fill a balloon. 
W hen the tank pressure drops to 150 kPa, the flow 
of helium stops by itself. If all the helium still is at 
300 K, how big a balloon did I get? Assume the 
pressure in the balloon varies linearly with volume 
from 100 kPa (1/ = 0) to the final 150 kPa. Flow 
much heat transfer took place? 

6.122 An empty canister of volume 1 L is filled with 
R-134afrom a lineflowing saturated liquid R-134a 
atO°C. Thefilling is done quickly, so it is adiabatic. 
Flow much mass of R - 134a is thereafterfi 1 1 i ng? T he 
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cani ster i s pi aced on a storage shelf, where it si ow ly 
heats up to room temperature of 20°C . W hat is the 
final pressure? 

6.123 A nitrogen line at 300 K, 0.5 M Pa, shown in Fig. 
P6.123, is connected to a turbine that exhausts to a 
closed, initially empty tank of 50 m 3 . The turbine 
operates to a tank pressure of 0.5 M Pa, at which 
point the temperature is 250 K . Assuming the enti re 
process is adiabatic, determine the turbine work. 



FIGURE P6.123 



6.124 A 750-L rigid tank, shown in Fig. P6.124, initially 
contains water at 250°C, which is 50% liquid and 
50% vapor by volume. A valve at the bottom of 
the tank is opened, and liquid is slowly withdrawn. 
Heat transfer takes place such that the temperature 
remains constant. Find the amount of heat transfer 
required to reach the state where half of the initial 
mass is withdrawn. 



6.125 Consider the previous problem, but let the line and 
valve be located in the top of the tank. Now satu- 
rated vapor is slowly withdrawn while heat transfer 
keeps the tern perature inside constant. F i nd the heat 
transfer required to reach a state where half of the 
original mass is withdrawn. 

6.126 A 2- m 3 insulated vessel, shown in Fig. P6.126, con- 
tains saturated vapor steam at 4 M Pa. A valve on 
the top of the tank is opened, and steam is allowed 
to escape. During the process any liquid formed 
collects at the bottom of the vessel, so only satu- 


rated vapor exits. Calculate the total mass that has 
escaped when the pressure inside reaches 1 M Pa. 



6.127 A 2-m-tall cyclinder has a small hole in the bot- 
tom as in Fig. P6.127. It is filled with liquid water 
1 m high, on top of which isa 1-m-high aircolumn 
at atmospheric pressure of 100 kPa. As the liquid 
water near the hole has a higher P than 100 kPa, it 
runs out. Assume a slow process with constant T . 
Will the flow ever stop? W hen? 



Review Problems 

6.128 A pipe of radius R has a fully developed laminar 
flow of air at P 0 , To with a velocity profile of V = 
V c [1 - (r/R) 2 ], where V c is the velocity on the 
center-line and r is the radius, as shown in Fig. 
P6.128. Find the total mass flow rate and the aver- 
age velocity, both as functions of V c and R . 



FIGURE P6.128 
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6.129 Steam at 3 M Pa, 400°C enters a turbine with a vol- 
ume flow rate of 5 m 3 /s. An extraction of 15% of 
the inlet mass flow rate exits at 600 kPa and 200°C. 
The rest exits the turbine at 20 kPa with a qual- 
ity of 90% and a velocity of 20 m/s. Determine 
the volume flow rate of the extraction flow and the 
diameter of the final exit pipe. 

6.130 I n a glass factory a 2-m-wide sheet of glass at 1500 
K comes out of the final rollers, which fix the thick- 
ness at 5 mm with a speed of 0.5 m/s (see Fig. 
P6.130). Cool ing air in the amount of 20 kg/s comes 
in at 17°C from a slot 2 m wide and flows parallel 
with the glass. Suppose this setup is very long, so 
that the glass and air come to nearly the same tem- 
perature (a coflowing heat exchanger); what is the 
exit temperature? 



Moving glass sheet 

FIGURE P6.130 


6.131 Assume a setup similar to that of the previous prob- 
lem, but with the air flowing in the opposite direc- 
tion as the glass— it comes in where the glass goes 
out. How much airflow at 17°C is required to cool 
the glass to 450 K, assuming the air must be at I east 
120 K cooler than the glass at any location? 

6.132 A flow of 2 kg/s of water at 500 kPa, 20°C is 
heated in a constant-pressure process to 1700°C. 
Find the best estimate for the rate of heat transfer 
needed. 

6.133 A 500-L insulated tank contains air at 40°C, 2 M Pa. 
A valve on the tank is opened, and air escapes until 
half the original mass is gone, at which point the 
valve is closed. What is the pressure inside at that 
point? 

6.134 Three air flows, all at 200 kPa, are connected to the 
same exit duct and mix without external heat trans- 
fer. Flow 1 has 1 kg/s at 400 K, flow 2 has 3 kg/s 
at 290 K , and flow 3 has 2 kg/s at 700 K . N eglect 
kinetic energies and find the volume flow rate in the 
exit flow. 


6.135 Consider the power plant described in Problem 
6.106. 

a. Determine the temperature of the water leaving 
the intermediate pressure heater, T i 3 , assuming 
no heat transfer to the surroundings. 

b. Determine the pump work between states 13 
and 16. 

6.136 Consider the power plant described in Problem 
6.106. 

a. Find the power removed in the condenser by the 
cooling water (not shown). 

b. Find the power to the condensate pump. 

c. D o the energy terms balancefor the low-pressure 
heater or is there a heat transfer not shown? 

6.137 A 1-m 3 , 40-kg rigid steel tank contains air at 500 
kPa, and both tank and air are at 20°C. The tank 
is connected to a line flowing air at 2 M Pa, 20°C. 
The valve is opened, allowing air to flow into the 
tank until the pressure reaches 1.5 M Pa, and isthen 
closed. Assume the air and tank are always at the 
same temperature and thefinal temperature is 35°C . 
F i nd the fi nal ai r mass and the heat transfer. 

6.138 A steam engine based on a turbine is shown in Fig. 
P6.138. The boiler tank has a volume of 100 L and 
initially contains saturated liquid with a very small 
amount of vapor at 100 kPa. Heat is now added by 
the burner. The pressure regulator, which keeps the 
pressure constant, does not open before the boiler 
pressure reaches 700 kPa. The saturated vapor en- 
ters the turbine at 700 kPa and is discharged to 
the atmosphere as saturated vapor at 100 kPa. The 
burner is turned off when no more liquid is present 
in the boiler. Find the total turbine work and the 
total heat transfer to the boiler for this process. 



ft fi o 


FIGURE P6.138 
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6.139 An insulated spring-loaded piston/cyclinder de- 
vice, shown in Fig. P6.139, is connected to an air 
line flowing air at 600 kPa and 700 K by a valve. 
Initially, the cylinder is empty and the spring force 
is zero. The valve is then opened until the cylinder 
pressure reaches 300 kPa. N oting that u 2 = Uime + 
C v (T 2 - T line) and h| ine - U| ine = RT | ine , find an 
expression for T 2 as a function of P 2 , P o, and T | ine . 
With P 0 = 100 kPa, find T 2 . 



Air 

supply 

line 


I eaves at 300 K. The process continues until all the 
liquid in the storage tank is gone. Calculate the to- 
tal amount of heat transfer to the tank and the total 
amount of heat transferred to the heater. 
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FIGURE P6.141 


6.140 A mass-loaded piston/cylinder shown in Fig. 
P6.140, containing air, is at 300 kPa, 17°C with 
a volume of 0.25 m 3 , while at the stops V = 1 m 3 . 
An airline, 500 kPa, 600 K, isconnected by avalve 
that is then opened until a final inside pressure of 
400 kPa is reached, at which point T = 350 K. 
Find the air mass that enters, the work, and the heat 
transfer. 



6.141 A 2-m 3 storage tank contains 95% liquid and 5% 
vapor by volume of liquified natural gas (LNG) at 
160 K, as shown in Fig. P6.141. It may be assumed 
that LNG has the same properties as pure methane. 
FI eat is transferred to the tank and saturated vapor 
at 160 K flows into the steady flow heater, which it 


Heat Transfer Problems 

6.142 Liquid water at 80°C flows with 0.2 kg/s inside a 
square duct 2 cm on a side, insulated with a 1-cm- 
thick layer of foam, k = 0.1 W/m K . If the outside 
foam surface is at 25°C, how much has the wa- 
ter temperature dropped for a 10- m length of duct? 
Neglect the duct material and any corner effects 
(A = 4 sL). 

6.143 Saturated liquid carbon dioxide at 2500 kPa flows 
at 2 kg/s inside a 10-cm-outer-diameter steel pipe, 
and outside of the pipe is a flow of air at 22°C with 
a convection coefficient of h = 150 W/m 2 K. Ne- 
glect any AT in the steel and any inside convection 
h and find the length of pipe needed to bring the 
carbon dioxide to saturated vapor. 

6.144 A counterflowing heat exchanger conserves energy 
by heating cold outside fresh air at 10°C with the 
outgoing combustion gas (air) at 100°C, as in Fig. 
P6.144. A ssume both flows are 1 kg/s and the tem- 
perature difference between the flows at any point 
is 50°C. What is the incoming fresh air temper- 
ature after the heat exchanger operates? What is 
the equivalent (single) convective heat transfer co- 
efficient between the flows if the interface area is 
2 m 2 ? 
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6.145 A flow of 1000 K, 100 kPa air with 0.5 kg/s in a 
furnace flows over a steel plate of surface temper- 
ature 400 K. The flow is such that the convective 
heat transfer coefficient is h = 125 W/m 2 K . How 
much surface area does the air have to flow over 
to exit with a temperature of 800 K? How about 
600 K? 


FIGURE P6.144 


ENGLISH UNIT PROBLEMS 

6.146 Refrigerant R-410a at 100 psia, 60 F flows at 
0.1 Ibm/s in a 2.5-ft 2 cross-sectional area pipe. 
Find the velocity and the volume flow rate. 

6.147E Air at 95 F, 16 lbf/in. 2 flows in a 4-in. x 6-in. rect- 
angular duct in a heating system. The volumetric 
flow rateis30cfm (ft 3 /min). What is the velocity 
of the air flowing in the duct? 

6.148L Liquid water at 60 F flows out of a nozzle straight 
up 40 ft. W hat is the nozzle V eX it? 

6.149G A hot-air home heating system takes 500 ft 3 /min 
(cfm) air at 14.7 psia, 65 F into a furnace, heats 
it to 130 F, and delivers the flow to a square duct 
0.5 ft by 0.5 ft at 15 psia. What is the velocity in 
the duct? 

6.150L Saturated vapor R-134a leaves the evaporator in 
a heat pump at 50 F, with a steady mass flow 
rate of 0.2 Ibm/s. What is the smallest diame- 
ter tubing that can be used at this location if 
the velocity of the refrigerant is not to exceed 
20 ft/s? 

6.151E Nitrogen gas flows into a convergent nozzle at 
30 lbf/in. 2 , 600 R and very low velocity. It flows 
out of the nozzle at 15 lbf/in. 2 , 500 R. If the nozzle 
is insulated, find the exit velocity. 

6.152 In a jet engine a flow of air at 1800 R, 30 psia, and 
90 ft/s enters a nozzle, where it exits at 1500 R, 
13 psia, as shown in Fig. P6.23. What is the exit 
velocity, assuming no heat loss? 

6.153 A diffuser, shown in Fig. P6.28, has air entering 
at 14.7 lbf/in. 2 , 540 R, with a velocity of 600 ft/s. 
The inlet cross-sectional area of the diffuser is 
0.2 in. 2 At the exit, the area is 1.75 in. 2 and the 
exit velocity is 60 ft/s. Determine the exit pressure 
and temperature of the air. 


6.154! Refrigerant R-410a flows out of a cooler at 70 F, 
220 psia, after which it is throttled to 77 psia. Find 
the state (T , x) for the exit flow. 

6.155 R-134a at 90 F, 125 psia is throttled so that it 
becomes cold at 10 F. What is the exit P? 

6.1561 Saturated liquid R-410a at 80 F is throttled to 63 
psia in a refrigerator. What is the exit tempera- 
ture? F i nd the percent i ncrease i n the vol ume fl ow 
rate. 

6.157E Helium is throttled from 175 lbf/in. 2 , 70 F to a 
pressure of 15 lbf/in. 2 . The diameter of the exit 
pipe is so much larger than the inlet pipe that the 
inlet and exit velocities are equal. Find the exit 
temperature of the helium and the ratio of the 
pipe diameters. 

6.158 Water flowing in a line at 60 lbf/in. 2 , and satu- 
rated vapor is taken out through a valve at 14.7 
lbf/in. 2 . What is the temperature as it leaves the 
valve, assuming no changes in kinetic energy and 
no heat transfer? 

6.159 A small, high-speed turbine operating on com- 
pressed air produces a power output of 0.1 hp. 
The inlet state is 60 lbf/in. 2 , 120 F, and the exit 
stateis 14.7 lbf/in. 2 , -20 F. Assuming the veloc- 
ities to be low and the process to be adiabatic, 
find the required mass flow rate of airthrough the 
turbine. 

6.160 Hoover Dam, across the Colorado River, dams 
up Lake M ead 600 ft higher than the river down- 
stream, as shown in Fig. P6.44. The electric gen- 
erators driven by water-powered turbines deliver 
1.2 x 10 6 Btu/s. If the water is 65 F, find the 
minimum amount of water running through the 
turbines. 
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6.161E A small expander (a turbine with heattransfer) has 
0.1 Ibm/s of helium entering at 160 psia, 1000 R 
and leaving at 40 psia, 540 R. The power output 
on the shaft is measured as 55 Btu/s. Find the rate 
of heattransfer, neglecting kinetic energies. 

6.162L Air at 60 ft/s, 480 R, 11 psia flows at 10 Ibm/s into 
a jet engine and flows out at 1500 ft/s, 1440 R, 
11 psia. What is the change (power) in flow of 
kinetic energy? 

6.163L A compressor in a commercial refrigerator re- 
ceives R-410a at -10 F and x = 1. The exit is at 
200 psia, 120 F. Neglect kinetic energies and find 
the specific work. 

6.164E A compressor in an industrial air conditioner 
compresses ammonia from a state of saturated 
vapor at 20 psia to a pressure of 125 psia. At the 
exit, the temperature is measured to be 200 F and 
the mass flow rate is 1 Ibm/s. W hat is the required 
power input to this compressor? 

6.165 An exhaust fan in a building should be able to 
move 5 Ibm/s of air at 14.4 psia, 68 F through a 
1.25-ft-diameter vent hole. Flow high a velocity 
must the fan generate, and how much power is 
required to do that? 

6.166E Carbon dioxide gas enters a steady-state, steady- 
flow heater at 45 lbf/in. 2 , 60 F and exits at 
40 lbf/in. 2 , 1800 F. It is shown in Fig. P6.58, 
where changes in kinetic and potential energies 
are negligible. Calculate the required heat trans- 
fer per Ibm of carbon dioxideflowing through the 
heater. 

6.167E A condenser (cooler) receives 0.1 Ibm/s of R-410a 
at 300 psia, 120 F and cools it to 80 F. Asume 
the exit properies are as for saturated liquid, with 
the same T. What cooling capacity (Btu/h) must 
the condenser have? 

6.168 in a steam generator, compressed liquid water at 
1500 lbf/in. 2 , 100 F enters a 1-in. -diameter tube 
at the rate of 5 ft 3 /min. Steam at 1250 lbf/in. 2 , 
750 F exits the tube. Find the rate of heattransfer 
to the water. 

6.169 Liquid glycerine flows around an engine, cool- 
ing it as it absorbs energy. The glycerine enters 
the engine at 140 F and receives 13 hp of heat 
transfer. What is the required mass flow rate if 
the glycerine should come out at a maximum 
200 F? 


6.170E In a boiler you vaporize some liquid water at 
103 psia flowing at 3 ft/s. What is the velocity 
of the saturated vapor at 103 psia if the pipe size 
is the same? Can the flow then be constant P? 

6.171 A small water pump is used in an irrigation sys- 
tem. The pump takes water in from a river at 50 
F, 1 atm at a rate of 10 Ibm/s. The exit line enters 
a pipe that goes up to an elevation 60 ft above the 
pump and river, where the water runs into an open 
channel . A ssume that the process i s adi abati c and 
thatthe water stays at 50 F. F i nd the requi red pump 
work. 

6.172E A steam turbine receives water at 2000 lbf/in. 2 , 
1200 F at a rate of 200 Ibm/s, as shown in Fig. 
P6.79. In the middle section 40 Ibm/s is with- 
drawn at 300 lbf/in. 2 , 650 F and the rest exits the 
turbine at 10 lbf/in. 2 , 95% quality. Assuming no 
heat transfer and no changes in kinetic energy, 
find the total turbine power output. 

6.173E A condenser, as in the heat exchanger shown in 
Fig. P6.83, brings 1 Ibm/s water flow at 1 lbf/in. 2 
from 500 F to saturated liquid at 1 lbf/in. 2 . The 
cooling is done by lake water at 70 F that returns 
to the lake at 90 F. For an insulated condenser, 
find the flow rate of cooling water. 

6.174E A heat exchanger is used to cool an airflow from 
1400 to 680 R, both states at 150 lbf/in. 2 . The 
coolant is a water flow at 60 F, 15 lbf/in. 2 , and 
it is shown in Fig. P6.85. If the water leaves as 
saturated vapor, find the ratio of the flow rates 

^water/^air- 

6.175E An automotive radiator has glycerine at 200 F en- 
ter and return at 130 F, as shown in Fig. P 6. 87. Air 
flows in at 68 F and leaves at 77 F. If the radiator 
should transfer 33 hp, what is the mass flow rate 
of the glycerine and what is the volume flow rate 
of air in at 15 psia? 

6.176E Steam at 80 psia, 600 F is used to heat cold water 
at 60 F to 170 F for a domestic hot water supply. 
Flow much steam per Ibm liquid water is needed 
if the steam should not condense? 

6.177E A copper wire has been heat treated to 1800 R 
and is now pulled into a cooling chamber that 
has 3 Ibm/s air coming in at 70 F; the air leaves 
the other end at 120 F. if the wire moves 0.5 
Ibm/s copper, how hot is the copper as it comes 
out? 
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6.178E A de-superheater has a flow of ammonia of 
3 Ibm/s at 150 psia, 200 F that is mixed with an- 
other flow of ammonia at 80 F and quality 25% in 
an adiabatic mixing chamber, Find the flow rate 
of the second fow so that the outgoing ammonia 
is saturated vapor at 150 psia. 

6.179E An insulated mixing chamber, as shown in Fig. 
P6.97, receives 4 Ibm/s of R-134a at 150 lbf/in. 2 , 
220 F in a line with low velocity. Another line with 
R-134a of saturated liquid at 130 F flows through 
a valve to the mixing chamber at 150 lbf/in. 2 after 
the valve. The exit flow is saturated vapor at 150 
lbf/in. 2 flowing at 60 ft/s. Find the mass flow rate 
for the second line. 

6.180E The foil owing data are for a simple steam power 
plant as shown in Fig. P6.103: 


State 

1 

2 

3 

4 

5 

6 

7 

P lbf/in. 2 

900 

890 

860 

830 

800 

1.5 

1.4 

T F 


115 

350 

920 

900 


110 

h, Btu/lbm 


85.3 

323 

1468 

1456 

1029 

78 


State 6 has x 6 = 0.92 and a velocity of 600 ft/s. 
The rate of steam flow is 200 000 Ibm/h, with 
400-hp input to the pump. Piping diameters are 
8 in. from the steam generator to the turbine and 
3 in. from the condenser to the steam generator. 
D etermi ne the power output of the turbi ne and the 
heat transfer rate in the condenser. 

6.181E For the same steam power plant shown in Fig. 
P6.103 and Problem 6.180, determine the rate of 
heat transfer in the economizer, which is a low- 
temperature heat exchanger, and the steam gen- 
erator. Determine also the flow rate of cooling 
water through the condenser if the cooling water 
increases from 55 to 75 F in the condenser. 

6.1820 An R-410a heat pump cycle shown in Fig. P6.108 
has an R-410a flow rate of 0.1 Ibm/s with 4 Btu/s 
i nto the com pressor. T he f ol I ow i ng data are gi ven : 


State 

1 

2 

3 

4 

5 

6 

P , psia 

410 

405 

400 

62 

60 

58 

T, F 

220 

200 

110 


10 

14 

h, Btu/lbm 

154 

150 

56 

- 

120 

122 


Calculate the heat transfer from the compressor, 
the heat transferf rom the R -410a i n thecondenser, 
and the heat transfer to the R-410a in the evapo- 
rator. 

6.1830 A geothermal supply of hot water operates a 
steam turbine, as shown in Fig. P6. 110. The high- 
pressure water at 200 lbf/in. 2 , 350 F is throt- 
tled into a flash evaporator chamber, which forms 
liquid and vapor at a lower pressure of 60 lbf/in. 2 . 
The liquid is discarded while the saturated vapor 
feeds the turbine and exits at 1 lbf/in. 2 , 90% qual- 
ity. If the turbine should produce 1000 hp, find the 
required mass flow rate of hot geothermal water. 

6.184L A 1-gal tank initially isempty, and wewantto fill 
it with 0.03 Ibm R-410a. The R -410a comes from 
a line with saturated vapor at 20 F. To achieve the 
desired amount, we cool the tank while we fill it 
slowly, keeping the tank and its content at 20 F. 
Find the final pressure to reach beforeclosing the 
valve and the heat transfer. 

6.18511 An initially empty cylinder is filled with air at 70 
F, 15 psia until it is full. Assuming no heat trans- 
fer, is the final temperature above, equal to, or 
below 70 F? Does the final T depend on the size 
of the cylinder? 

6.1861 A tank contains 10 ft 3 of air at 15 psia, 540 R. 
A pipe of flowing air at 150 psia, 540 R is con- 
nected to the tank and it is filled slowly to 150 
psi a. F i nd the heat transfer needed to reach a final 
temperature of 540 R. 

6.187 A 1-ft 3 tank, shown in Fig. P6.119, that is ini- 
tially evacuated is connected by a valve to an air 
supply line flowing air at 70 F, 120 lbf/in. 2 . The 
valve is opened, and air flows into the tank un- 
til the pressure reaches 90 lbf/in. 2 . Determine the 
final temperatureand massinsidethetank, assum- 
ing the process is adiabatic. Develop an expres- 
sion for the relation between the line temperature 
and the final temperature using constant specific 
heats. 

6.188 FI el i urn in a steel tank is at 40 psia, 540 R with a 
volume of 4 ft 3 . It is used to fill a balloon. When 
the tank pressure drops to 24 psia, the flow of 
helium stops by itself. If all the helium still is at 
540 R, how big a balloon did I get? Assume the 
pressure in the balloon varies linearly with vol- 
ume from 14.7 psia (1/ = 0) to the final 24 psia. 
Flow much heat transfer took place? 
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6.189L A 20-ft 3 tank contains ammonia at 20 lbf/in. 2 , 
80 F. The tank is attached to a line flowing ammo- 
nia at 180 lbf/in. 2 , 140 F. The valve is opened, and 
mass flows in until the tank is half full of liquid, 
by volume at 80 F. Calculate the heat transferred 
from the tank during this process. 

6.190E An initially empty bottle, V = 10ft 3 , isfilled with 
water from a line at 120 lbf/in. 2 , 500 F. Assume 
that there is no heat transfer and that the bottle is 
closed when the pressure reaches line pressure. 
Find the final temperature and mass in the bottle. 

6.191E A nitrogen line, 540 R, 75 lbf/in. 2 isconnected to 
a turbine that exhausts to a closed, initially empty 


tank of 2000 ft 3 , as shown in Fig. P6.123. The 
turbine operates to a tank pressure of 75 lbf/in. 2 , 
at which point the temperature is 450 R. Assum- 
ing the entire process is adiabatic, determine the 
turbine work. 

6.192E A mass-loaded piston/cylinder containing air is 
at 45 lbf/in. 2 , 60 F with a volume of 9 ft 3 , while 
at the stops 1/ = 36 ft 3 . An air line, 75 lbf./in. 2 , 
1100 R is connected by a valve, as shown in Fig. 
P6.140. The valve is then opened until a final in- 
side pressure of 60 lbf/in. 2 is reached, at which 
point T = 630 R. Find the air mass that enters, 
work done, and heat transfer. 
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6.193 Fit a polynomial of degree 2 and 3 for the heat 
capacity of carbon dioxide using Table B.3 at the 
lowest pressure in the superheated vapor region. 
Compare the result to that given in Table A .6. 

6.194 Fit a polynomial of degree 2 and 3 for the heat 
capacity of R-410a using Table B.4 at the lowest 
pressure in the superheated vapor region. 

6.195 An insulated tank of volume V contains a specified 
ideal gas (with constant specific heat) as P i, T i. A 
valve is opened, allowing the gas to flow out until 
the pressure inside drops toP 2 . Determine T 2 and 
m 2 using a stepwise solution in increments of pres- 
sure between Pi and P 2 ; the number of increments 
is variable. 

6.196 We wish to solve Problem 6.126, using a stepwise 
solution, whereby the process is subdivided into 
several parts to minimize the effects of a linear av- 
erage enthalpy approximation. Divide the process 
into two or three steps so that you can get a better 
estimate for the mass times enthalpy leaving the 
tank. 

6.197 The air-watercounterflowing heat exchanger given 
in Problem 6.85 has an air exit temperature of 


360 K . Suppose the air exit temperature is listed 
as 300 K; then a ratio of the mass flow rates is 
found from the energy equation to be 5. Show that 
this is an impossible process by looking at air and 
water temperatures at several locations inside the 
heat exchanger. Discuss how this puts a limit on 
the energy that can be extracted from the air. 

6.198 A coflowing heat exchanger receives air at 800 K , 
1 M Pa and liquid water at 15°C, 100 kPa, as shown 
in Fig. P6.198. The air line heats the water so that at 
the exit the ai r temperature i s 20°C above the water 
temperature. Investigate the limits for the air and 
water exit temperatures as a function of the ratio of 
the two mass flow rates. Plot the temperatures of 
the air and water inside the heat exchanger along 
the flow path. 
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The Second Law of 
Thermodynamics 


The first law of thermodynamics states that during any cycle that a system undergoes, the 
cyclic integral of the heat is equal to the cyclic integral of the work. The first law, however, 
places no restrictions on the direction of flow of heat and work. A cycle in which a given 
amount of heat is transferred from the system and an equal amount of work is done on the 
system satisfies the first law just as well as a cycle in which the flows of heat and work 
are reversed. However, we know from our experience that a proposed cycle that does not 
viol ate the first I aw does not ensure that the cycle will actually occur. It is this kind of experi- 
mental evidence that led to the formulation of the second law of thermodynamics. 
Thus, a cycle will occur only if both the first and second laws of thermodynamics are 
satisfied. 

In its broader significance, the second law acknowledges that processes proceed in a 
certain direction but not in the opposite direction. A hot cup of coffee cools by virtue of 
heat transfer to the surroundings, but heat will not flow from thecooler surroundings to the 
hotter cup of coffee. Gasoline is used as a car drives up a hill, but the fuel in the gasoline 
tank cannot be restored to its original level when the car coasts down the hill. Such familiar 
observations as these, and a host of others, are evidence of the validity of the second law of 
thermodynamics. 

In this chapter we consider the second law for a system undergoing a cycle, and in 
the next two chapters we extend the principles to a system undergoing a change of state and 
then to a control volume. 


7.1 


HEAT ENGINES AND REFRIGERATORS 


Consider the system and the surroundings previously cited in the development of the first 
law, as shown in Fig. 7.1. Let the gas constitute the system and, as in our discussion of the 
first law, let this system undergo a cycle in which work is first done on the system by the 
paddlewheel as the weight is lowered. Then let the cycle be completed by transferring heat 
to the surroundings. 

We know from our experience that we cannot reverse this cycle. That is, if we transfer 
heat to the gas, as show n by the dotted arrow, the temperature of the gas wi 1 1 i ncrease but the 
paddlewheel will not turn and raise the weight. With the given surroundings (the container, 
the paddle wheel, and the weight), this system can operate in a cycle in which the heat 
transfer and work are both negative, but it cannot operate in a cycle in which both the heat 
transfer and work are positive, even though this would not violate the first law. 

Consider another cycle, known from our experience to be impossible to complete. 
Let two systems, one at a high temperature and the other at a low temperature, undergo 
238 
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A system 

that undergoes a cycle 
involving work and heat. 



a process in which a quantity of heat is transferred from the high-temperature system to 
the low -temperature system. We know that this process can take place. We also know that 
the reverse process, in which heat is transferred from the low-temperature system to the 
high-temperature system, does not occur, and that it is impossible to complete the cycle by 
heat transfer only. This impossibility is illustrated in Fig. 7.2. 

These two examples lead us to a consideration of the heat engint and the refrigerator, 
which is also referred to as a heat pump. With the heat engine we can have a system that 
operates in a cycle and performs net positive work and net positive heat transfer. With the 
heat pump we can have a system that operates in a cycle and has heat transferred to it from 
a low-temperature body and heat transferred from it to a high-temperature body, though 
work is required to do this. Three simple heat engines and two simple refrigerators will be 
considered. 

Thefirst heat engine is shown in Fig. 7.3. It consists of a cylinder fitted with appropriate 
stops and a piston. Let the gas in the cylinder constitute the system. Initially the piston rests 
on the lower stops, with a weight on the platform. Let the system now undergo a process in 
which heat is transferred from some high-temperature body to the gas, causing it to expand 
and raise the piston to the upper stops. At this point the weight is removed. Now let the 
system be restored to its initial state by transferring heat from the gas to a low-temperature 
body, thus completing the cycle. Since the weight was raised during the cycle, it is evident 
that work was done by the gas during the cycle. From thefirst law we conclude that the net 
heat transfer was positive and equal to the work done during the cycle. 

Such a device is cal led a heat engine, and the substance to which and from which heat 
is transferred is cal led the working substance or working fluid. A heat engine may be defined 
as a device that operates in a thermodynamic cycle and does a certain amount of net positive 
work through the transfer of heatfrom a high-temperature body to a low -temperature body. 
Often the term heat engine is used in a broader sense to include all devices that produce 
work, either through heat transfer or through combustion, even though the device does not 
operate in a thermodynamic cycle. The internal combustion engine and the gas turbine are 
examples of such devices, and calling them heat engines is an acceptable use of the term. 
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FIGURE 7.2 An example showing the 
impossibility of completing a cycle by transferring 
heat from a low-temperature body to a 
high-temperature body. 
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FIGURE 7.3 A simple 
heat engine. 
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In this chapter, however, we are concerned with the more restricted form of heat engine, as 
just defined, one that operates on a thermodynamic cycle. 

A simple steam power plant is an example of a heat engine in this restricted sense. 
Each component in this plant may be analyzed individually as a steady-state, steady-flow 
process, but as a whole it may be considered a heat engine (Fig. 7.4) in which water (steam) 
is the working fluid. An amount of heat, Q H , is transferred from a high-temperature body, 
which may be the products of combustion in a furnace, a reactor, or a secondary fluid that 
in turn has been heated in a reactor. In Fig. 7.4 the turbine is shown schematically as driving 
the pump. W hat is significant, however, is the net work that is delivered during the cycle. 
The quantity of heat O l is rejected to a low -temperature body, which is usually the cooling 
water in a condenser. Thus, the simple steam power plant is a heat engine in the restricted 
sense, for it has a working fluid, to which and from which heat is transferred, and which 
does a certain amount of work as it undergoes a cycle. 

Another example of a heat engine is the thermoelectric power generation device that 
was discussed in Chapter 1 and shown schematically in Fig. 1.8b. FI eat is transferred from 
a high-temperature body to the hot junction {Q H ), and heat is transferred from the cold 
junction to the surroundings (Q L ). Work is done in the form of electrical energy. Since 
there is no working fluid, we do not usually think of this as a device that operates in a 
cycle. Flowever, if we adopt a microscopic point of view, we could regard a cycle as the 


FIGURE 7.4 A heat 
engine involving 
steady-state processes. 


Oh 



HEAT ENGINES AND REFRIGERATORS ■ 241 



flow of electrons. Furthermore, as with the steam power plant, the state at each point in the 
thermoelectric power generator does not change with time under steady-state conditions. 

Thus, by means of a heat engine, we are able to have a system operate in a cycle and 
have both the network and the net heat transfer positive, which we were not able to do with 
the system and surroundings of Fig. 7.1. 

We note that in using the symbols Q H and Q L , we have departed from our sign 
connotation for heat, because for a heat engine Q L is negative when the working fluid is 
considered as the system. In this chapter, it will be advantageous to use the symbol Oh to 
represent the heat transfer to or from the high-temperature body and Q L to represent the 
heat transfer to or from the low-temperature body. The direction of the heat transfer will be 
evident from the context. 

At this point, it is appropriate to introduce the concept of thermal efficiency of a 
heat engine. In general, we say that efficiency is the ratio of output, the energy sought, to 
input, the energy that costs, but the output and input must be clearly defined. At the risk of 
oversimplification, we may say that in a heat engine the energy sought is the work and the 
energy that costs money is the heat from the high-temperature source (indirectly, the cost 
of the fuel). Thermal efficiency is defined as 

1/1/ (energy sought) 0h-0l n Ol 

,?the rma' - (energy that costs) — Q H ~ Oh 

FI eat engines vary greatly in size and shape, from large steam engines, gas turbines, 
or jet engines, to gasoline engines for cars and diesel engines for trucks or cars, to much 
smaller engines for lawn mowers or hand-held devices such as chain saws or trimmers. 
Typical values for the thermal efficiency of real engines are about 35-50% for large power 
plants, 30-35% for gasoline engines, and 30-40% for diesel engines. Smaller utility-type 
engines may have only about 20% efficiency, owing to theirsimplecarburetion and controls 
and to the fact that some losses scale differently with size and therefore represent a larger 
fraction for smaller machines. 

EXAMPLE 7.1 

An automobile engine produces 136 hp on the output shaft with a thermal efficiency of 
30%. The fuel it burns gives 35 000 kj /kg as energy release. Find the total rate of energy 
rejected to the ambient and the rate of fuel consumption in kg/s. 

Solution 

From the definition of a heat engine efficiency, Eq. 7.1, and the conversion of hp from 
Table A. 1 we have 

1/1/ = 77eng 0 h = 136 hp x 0.7355 kW /hp = 100 kW 
d H = w /r ] e ng = 100/0.3 = 333 kW 

The energy equation for the overall engine gives 

Q l = Q h - W = (1 - 0 . 3)0 H = 233 kW 

From the energy release in the burning we have Oh = i^Qh , so 

■ 333 kW 

m = O » Al» = 35 000 kJ /kg = 00095 kg / s 
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An actual engine shown in Fig. 7.5 rejects energy to the ambient through the radiator 
cooled by atmospheric air as heat transfer from the exhaust system and the exhaust flow 
of hot gases. 



FIGURE 7.5 Sketch 
for Example 7.1 . 
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The second cycle that we were not able to complete was the one indicating the im- 
possibility of transferring heat directly from a low-temperature body to a high-temperature 
body. This can, of course, be done with a refrigerator or heat pump. A vapor-compression 
refrigerator cycle, which was introduced in Chapter 1 and shown in Fig. 1.7, is shown again 
in Fig. 7.6. The working fluid is the refrigerant, such as R-134a or ammonia, which goes 
through a thermodynamic cycle. FI eat is transferred to the refrigerant in the evaporator, 
where its pressure and temperature are low. Work is done on the refrigerant i n the compres- 
sor, and heat is transferred from it in the condenser, where its pressure and temperature are 
high. The pressure drops as the refrigerant flows through the throttle valve or capillary tube. 

Thus, in a refrigerator or heat pump, we have a device that operates in a cycle, that 
requires work, and that transfers heat from a low-temperature body to a high-temperature 
body. 

The thermoelectric refrigerator, which was discussed in C hapter 1 and shown schemat- 
ically in Fig. 1.8a, is another example of a device that meets our definition of a refrigerator. 
The work input to the thermoelectric refrigerator is in the form of electrical energy, and 
heat is transferred from the refrigerated space to the cold junction (Q L ) and from the hot 
junction to the surroundings {Q H ). 



FIGURE 7.6 A simple 
refrigeration cycle. 
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EXAMPLE 7.2 


FIGURE 7.7 Sketch 
for Example 7.2. 


The "efficiency" of a refrigerator is expressed in terms of the coefficient of perfor- 
mance (CO , which we designate with the symbol p. Fora refrigerator the objective, that 
is, the energy sought, is Q L , the heat transferred from the refrigerated space. The energy 
that costs is the work, 1/1/ . Thus, the COP, p} is 

0 L (energy sought) Q L 1 

- 1/1/ (energy that costs) ~~ Q H - Q l Q h /0 l — 1 

A household refrigerator may have a COP of about 2.5, whereas a deep-freeze unit 
will be closer to 1.0. L ower cold-temperature space or higher warm-temperature space will 
result in lower values of COP, as will be seen in Section 7.6. For a heat pump operating 
over a moderate temperature range, a value of its COP can be around 4, with this value 
decreasing sharply as the heat pump's operating temperature range is broadened. 


The refrigerator in a kitchen shown in Fig. 7.7 receives electrical input power of 150 W 
to drive the system, and it rejects 400 W to the kitchen air. Find the rate of energy taken 
out of the cold space and the COP of the refrigerator. 



Ht should be noted that a refrigeration or heat pump cycle can be used with either of two objectives. 
It can be used as a refrigerator, in which case the primary objective is Q L , the heat transferred to the 
refrigerant from the refrigerated space. It can also be used as a heating system (in which case it is 
usually referred to as a heat pump), the objective being Q H , the heat transferred from the refrigerant 
to the high-temperature body, which is the space to be heated. Q L is transferred to the refrigerant 
from the ground, the atmospheric air, or well water. The coefficient of performance for this case, 

P', is 


_ Q h (energy sought) _ Q H _ 1 

- 1/1/ (energy that costs) ~ Q h - Q l ~ l - Q l/Q h 

It also follows that for a given cycle, 


P' - P = 1 

U nless otherwise specified, the term COP will always refer to a refrigerator as defined by Eq. 7.2. 
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Solution 


C.V. refrigerator. Assume a steady state, so there is no storage of energy. The information 
provided is W = 150 W, and the heat rejected is Q H = 400W. 

The energy equation gives 

d L = 0 H — W — 400 - 150 = 250 W 


This is also the rate of energy transfer into the cold space from the warmer kitchen due to 
heat transfer and exchange of cold air inside with warm air when you open the door. 
From the definition of the coefficient of performance, Eq. 7.2, 


Alefrig 


^=“°= 1.67 
W 150 


Before we state the second law, the concept of a thermal reservoir should be intro- 
duced. A thermal reservoir is a body to which and from which heat can be transferred 
indefinitely without change in the temperature of the reservoir. Thus, a thermal reservoir 
always remains at constant temperature. The ocean and the atmosphere approach this def- 
inition very closely. Frequently, it will be useful to designate a high-temperature reservoir 
and a low -temperature reservoir. Sometimes a reservoir from which heat is transferred is 
called a source, and a reservoir to which heat is transferred is called as sink. 


7.2 


THE SECOND LAW OF THERMODYNAMICS 


On the basis of the matter considered in the previous section, we are now ready to state 
the second law of thermodynamics. There are two classical statements of the second law, 
known as the Kelvin- Planck statement and the Clausius statement. 


The Kelvin-Planck statement: It is impossible to construct a device that will operate 
in a cycle and produce no effect other than the raising of a weight and the exchange 
of heat with a single reservoir. See Fig. 7.8. 

This statement ties in with our discussion of the heat engine. In effect, it states that it 
is impossible to construct a heat engine that operates in a cycle, receives a given amount of 
heat from a high-temperature body, and does an equal amount of work. The only alternative 
is that some heat must be transferred from the working fluid at a lower temperature to a 


\ 


Qh 


/ 





FIGURE 7.8 The 

Kelvin-Planck statement. 


Impossible 
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FIGURE 7.9 The 

Clausius statement. 


low-temperature body. Thus, work can be done by the transfer of heat only if there are 
two temperature levels, and heat is transferred from the high-temperature body to the heat 
engine and also from the heat engine to the low-temperature body. This implies that it is 
impossible to build a heat engine that has a thermal efficiency of 100%. 

The Clausius statement: it is impossible to construct a device that operates in a cycle 
and produces no effect other than the transfer of heat from a cooler body to a hotter 
body. See Fig. 7.9. 

This statement is related to the refrigerator or heat pump, in effect, it states that it 
is impossible to construct a refrigerator that operates without an input of work. This also 
implies that the COP is always less than infinity. 

Three observations should be made about these two statements. The first observation 
is that both are negative statements. It is, of course, impossible to prove these negative 
statements. However, we can say that the second law of thermodynamics (like every other 
law of nature) rests on experimental evidence. Every relevant experiment that has been 
conducted, either directly or indirectly, verifies the second law, and no experiment has ever 
been conducted that contradicts the second law. The basis of the second law is therefore 
experimental evidence. 

A second observation is that these two statements of the second law are equivalent. 
Two statements are equivalent if the truth of either statement implies the truth of the other 
or if the violation of either statement implies the violation of the other. That a violation of 
the Clausius statement implies a violation of the K el vi n- Planck statement may be shown. 
The device at the left in Fig. 7.10 is a refrigerator that requires no work and thus violates 
the Clausius statement. Let an amount of heat 0 l be transferred from the low -temperature 
reservoir to this refrigerator, and let the same amount of heat Q/. be transferred to the high- 
temperature reservoir. Let an amount of heatQ H that is greater than Q L be transferred from 
the high-temperature reservoir to the heat engine, and let the engine reject the amount of 
heat 0 c as it does an amount of work, 1/1/, that equals Q H - Ql ■ Because there is no net heat 
transfer to thelow-temperature reservoir, thelow-temperature reservoir, along with the heat 
engine and the refrigerator, can be considered together as a device that operates in a cycle 
and produces no effect other than the raising of a weight (work) and the exchange of heat 
with a single reservoir. Thus, a violation of the Clausius statement implies a violation of the 
K el vi n- Planck statement. The complete equivalence of these two statements is established 
when it is also shown that a violation of the K el vi n- Planck statement implies a violation of 
the Clausius statement. This is left as an exercise for the student. 
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Demonstration of the 
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statements of the second 
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The third observation is that frequently the second law of thermodynamics has been 
stated as the impossibility of constructing a perpetual-motion machine of the second kind. 
A perpetual-motion machine of the first kind would create work from nothing or create 
mass or energy, thus violating the first law. A perpetual-motion machine of the second kind 
would extract heat from a source and then convert this heat completely into other forms of 
energy, thus violating the second law. A perpetual-motion machine of the third kind would 
have no friction, and thus would run indefinitely but produce no work. 

A heat engine that violated the second law could be made into a perpetual-motion 
machine of the second kind by taking the foil owing steps. Consider Fig. 7.11, which might 
be the power plant of a ship. An amount of heat Q L is transferred from the ocean to a 
high-temperature body by means of a heat pump. The work required is 1/1/', and the heat 
transferred to the high-temperature body is Q H . Let the same amount of heat be transferred 
to a heat engine that violates the K el vi n- Planck statement of the second law and does an 
amount of work 1/1/ = Q H ■ Of this work, an amount Q H - Ql is required to drive the heat 
pump, leaving the net work (1/1/ net = Ol) available for driving the ship. Thus, we have a 
perpetual-motion machine in the sense that work is done by utilizing freely avail able sources 
of energy such as the ocean or atmosphere. 


FIGURE 7.11 A 

perpetual-motion 
machine of the second 
kind. 
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In-Text Concept Questions 

a. Electrical applicances (TV, stereo) use electric power as input. What happens to the 
power? A re those heat engines? W hat does the second law say about those devices? 

b. Geothermal underground hot water or steam can be used to generate electric power. 
Does that violate the second law? 

c. A windmill produces power on a shaft taking kinetic energy out of the wind. Is it a 
heat engine? Is it a perpetual-motion machine? Explain. 

d. Heat enginess and heat pumps (refrigerators) are energy conversion devices altering 
amounts of energy transfer between Q and 1/1/. Which conversion direction (Q — > 1/1/ 
or 1/1/ Q) is limited and which is unlimited according to the second law? 


7.3 


THE REVERSIBLE PROCESS 


The question that can now logically be posed is this: If it is impossible to have a heat engine 
of 100% efficiency, what is the maximum efficiency one can have? The first step in the 
answer to this question is to define an ideal process, which is called a reversible process. 

A reversi ble process for a system i s defi ned as a process that, once having taken pi ace, 
can be reversed and in so doing leave no change in either system or surroundings. 

Let us illustrate the significance of this definition for a gas contained in a cylinder 
that is fitted with a piston. Consider first Fig. 7.12, in which a gas, which we define as the 
system, is restrained at high pressure by a piston that is secured by a pin. When the pin is 
removed, the piston is raised and forced abruptly against the stops. Some work is done by 
the system, since the piston has been raised a certain amount. Suppose we wish to restore 
the system to its initial state. Oneway of doing this would be to exert a force on the piston 
and thus compress the gas until the pin can be reinserted in the piston. Since the pressure 
on the face of the piston is greater on the return stroke than on the initial stroke, the work 
done on the gas in this reverse process is greater than the work done by the gas in the initial 
process. A n amount of heat must be transferred from the gas during the reverse stroke so 
that the system has the same i nternal energy as it had ori gi nal ly. T hus, the system is restored 
to its initial state, but the surroundings have changed by virtue of the fact that work was 
required to force the piston down and heat was transferred to the surroundings. The initial 
process therefore is an irreversible one because it could not be reversed without leaving a 
change in the surroundings. 


FIGURE 7.12 An 

example of an 
irreversible process. 
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FIGURE 7. 12 An 

example of a process 
that approaches 
reversibility. 



In Fig. 7.13, let the gas in the cylinder comprise the system, and let the piston be 
loaded with a number of weights. Let the weights be slid off horizontally, one at a time, 
allowing the gas to expand and do work in raising the weights that remain on the piston. As 
the size of the weights is made smaller and their number is increased, we approach a process 
that can be reversed, for at each level of the piston during the reverse process there will be a 
small weight that is exactly at the level of the platform and thus can be placed on the platform 
without requiring work. In the limit, therefore, as the weights become very small, the reverse 
process can be accomplished in such a manner that both the system and its surroundings 
are in exactly the same state they were initially. Such a process is a reversible process. 


7.4 


FACTORS THAT RENDER PROCESSES 
IRREVERSIBLE 


There are many factors that make processes irreversible. Four of those factors— friction, 
unrestrained expansion, heat transfer through a finite temperature difference, and mixing 
of two different substances— are considered in this section. 


Friction 

It is readily evident that friction makes a process irreversible, but a brief illustration may 
amplify the point. Let a block and an inclined plane make up a system, as in Fig. 7.14, and 
let the block be pulled up the inclined plane by weights that are lowered. A certain amount 


FIGURE 7.14 

Demonstration of the 
fact that friction makes 
processes irreversible. 





FIGURE 7.15 

Demonstration of the 
fact that unrestrained 
expansion makes 
processes irreversible. 
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of work is needed to do this. Some of this work is required to overcome the friction between 
the block and the plane, and some is required to increase the potential energy of the block. 
The block can be restored to its initial position by removing some of the weights and thus 
allowing the block to slide back down the plane. Some heat transfer from the system to 
the surroundings will no doubt be required to restore the block to its initial temperature. 
Si nee the surroundings are not restored to their initial state at the conclusion of the reverse 
process, we conclude that friction has rendered the process irreversible. Another type of 
frictional effect is that associated with the flow of viscous fluids in pipes and passages and 
in the movement of bodies through viscous fluids. 

Unrestrained Expansion 

The classic example of an unrestrained expansion, as shown in Fig. 7.15, is a gas separated 
from a vacuum by a membrane. Consider what happens when the membrane breaks and the 
gas fills the entire vessel. It can be shown that this is an irreversible process by considering 
what would be necessary to restore the system to its original state. The gas would have to be 
compressed and heat transferred from the gas until its initial state is reached. Si nee the work 
and heat transfer involve a change in the surroundings, the surroundings are not restored 
to their initial state, indicating that the unrestrained expansion was an irreversible process. 
The process described in Fig. 7.12 is also an example of an unrestrained expansion. 

in the reversible expansion of a gas, there must be only an infinitesimal difference 
between the force exerted by the gas and the restraining force, so that the rate at which the 
boundary moves will be infinitesimal. In accordance with our previous definition, this is a 
quasi-equilibrium process. Flowever, actual systems have a fi nite difference i n forces, which 
causes a finite rate of movement of the boundary, and thus the processes are irreversible in 
some degree. 

Heat Transfer Through a Finite Temperature Difference 

Consider as a system a high-temperature body and a low-temperature body, and let heat 
be transferred from the high-temperature body to the low-temperature body. The only way 
in which the system can be restored to its initial state is to provide refrigeration, which 
requires work from the surroundings, and some heat transfer to the surroundings will also 
be necessary. Because of the heat transfer and the work, the surroundings are not restored 
to their original state, indicating that the process was irreversible. 

An interesting question is now posed. FI eat is defined as energy that is transferred 
through a temperature difference. We have just shown that heat transfer through a temper- 
ature difference is an irreversible process. Therefore, how can we have a reversible heat- 
transfer process? A heat-transfer process approaches a reversible process as the temperature 
difference between the two bodies approaches zero. Therefore, we define a reversible heat- 
transfer process as one in which the heat is transferred through an infinitesimal temperature 
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FIGURE 7.16 

Demonstration of the 
fact that the mixing of 
two different substances 
is an irreversible process. 


FIGURE 7.17 

Illustration of the 
difference between an 
internally and an 
externally reversible 
process. 



difference. Werealize, of course, that to transferafiniteamountof heat through an infinites- 
imal temperature difference would require an infinite amount of time or an infinite area. 
Therefore, all actual heat transfers are through a finite temperature difference and hence are 
irreversible, and the greater the temperature difference, the greater the irreversibility. We 
will find, however, that the concept of reversible heat transfer is very useful in describing 
ideal processes. 

Mixing of Two Different Substances 

Figure 7.16 illustrates the process of mixing two different gases separated by a membrane. 
When the membrane is broken, a homogeneous mixture of oxygen and nitrogen fills the 
entire volume, This process will be considered in some detail in Chapter 13. We can say 
here that this may be considered a special case of an unrestrained expansion, for each gas 
undergoes an unrestrained expansion as it fi I Is the entire volume. A certain amount of work 
is necessary to separate these gases. Thus, an air separation plant such as described in 
Chapter 1 requires an input of work to accomplish the separation. 

Other Factors 

A number of other factors make processes irreversible, but they will not be considered in 
detail here. Hysteresis effects and the/ 2 fi loss encountered in electrical circuits are both 
factors that make processes i rreversi bl e. 0 rdi nary com busti on i s al so an i rreversi bl e process. 

It is frequently advantageous to distinguish between internal and external irre- 
versibility. F igure 7.17 showstwo identical systemsto which heat is transferred. Assuming 
each system to be a pure substance, the temperature remains constant during the heat-transfer 
process. In one system the heat is transferred from a reservoir at a temperature T + dT, 
and in the other the reservoir is at a much higher temperature, T + AT, than the system. 
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The first is a reversible heat-transfer process, and the second is an irreversible heat-transfer 
process. However, as far as the system itself is concerned, it passes through exactly the 
same states in both processes, which we assume are reversible. Thus, we can say for 
the second system that the process is internally reversible but externally irreversible be- 
cause the irreversibility occurs outside the system. 

Weshould also note the general interrelation of reversibility, equilibrium, and time. In 
a reversible process, the deviation from equilibrium is infinitesimal, and therefore it occurs 
at an infinitesimal rate. Since it is desirable that actual processes proceed at a fin iterate, the 
deviation from equilibrium must be finite, and therefore the actual process is irreversible in 
some degree. The greater the deviation from equilibrium, the greater the irreversibility and 
the more rapidly the process will occur. It should also be noted that the quasi-equilibrium 
process, which was described in Chapter 2, is a reversible process, and hereafter the term 
reversible process will be used. 


In-Text Concept Questions 

e. Icecubesina glass of liquid water will eventually melt and all the water will approach 
room temperature. Is this a reversible process? Why? 

f. Does a process become more or less reversible with respect to heat transfer if it is fast 
rather than slow? Hint: Recall from Chapter 4 that Q =CA AT. 

g. If you generated hydrogen from, say, solar power, which of these would be more 
efficient: (1) transport it and then burn it in an engine or (2) convert the solar power 
to electricity and transport that? What else would you need to know in order to give 
a definite answer? 


7.5 


THE CARNOT CYCLE 


Having defined the reversible process and considered some factors that make processes 
irreversible, let us again pose the question raised in Section 7.3. If the efficiency of all heat 
engines is less than 100%, what is the most efficient cycle we can have? Let us answer this 
question for a heat engine that receives heat from a high-temperature reservoir and rejects 
heat to a low -temperature reservoir. Since we are dealing with reservoirs, we recognize that 
both the high temperature and the low temperature of the reservoirs are constant and remai n 
constant regardless of the amount of heat transferred. 

Let us assume that this heat engine, which operates between the given high- 
temperature and low -temperature reservoirs, does so in a cycle in which every process 
is reversible. If every process is reversible, the cycle is also reversible; and if the cycle is 
reversed, the heat engine becomes a refrigerator. In the next section we will show that this is 
the most efficient cycle that can operate between two constant- temperature reservoirs. It is 
called the Carnot cycle and is named after a French engineer, N i col as Leonard Sadi Carnot 
(1796-1832), who expressed the foundations of the second law of thermodynamics in 1824. 

We now turn our attention to the Carnot cycle. Figure 7.18 shows a power plant that 
is similar in many respects to a simple steam power plant and, we assume, operates on the 
Carnot cycle. Consider the working fluid to be a pure substance, such as steam. Heat is 
transferred from the high-temperature reservoir to the water (steam) in the boiler. For this 
process to be a reversible heat transfer, the temperature of the water (steam) must be only 
infinitesimally lower than the temperature of the reservoir. This result also implies, since the 
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temperature of the reservoi r remai ns constant, that the temperature of the water must remai n 
constant. T herefore, the fi rst process i n the C arnot cy cl e i s a reversi bl e i so thermal process i n 
which heat is transferred from the high-temperature reservoir to the working fluid. A change 
of phase from liquid to vapor at constant pressure is, of course, an isothermal process for a 
pure substance. 

The next process occurs in the turbine without heat transfer and is therefore adiabatic. 
Since all processes in the Carnot cycle are reversible, this must be a reversible adiabatic 
process, during which the temperature of the working fluid decreases from the temperature 
of the high-temperature reservoir to the temperature of the low-temperature reservoir. 

In the next process, heat is rejected from the working fluid to the low -temperature 
reservoir. This must be a reversible isothermal process in which the temperature of the 
working fluid is infinitesimally higher than that of the low-temperature reservoir. During 
this isothermal process some of the steam is condensed. 

The final process, which completes the cycle, is a reversible adiabatic process in 
which the temperature of the working fluid increases from the low temperature to the high 
temperature. If this were to be done with water (steam) as the working fluid, a mixture of 
liquid and vapor would have to betaken from the condenser and compressed. (This would 
be very inconvenient in practice, and therefore in all power plants the working fluid is 
completely condensed in the condenser. The pump handles only the liquid phase.) 

Sine the Carnot heat engine cycle is reversible, every process could be reversed, in 
which case it would become a refrigerator. The refrigerator is shown by the dotted arrows 
and text in parentheses in Fig. 7.18. The temperature of the working fluid in the evaporator 
would be infinitesimally lower than the temperature of the I ow-temperature reservoir, and in 
the condenser it would be infinitesimally higher than that of the high-temperature reservoir. 

It should be emphasized that the Carnot cycle can, in principle, be executed in many 
different ways. M any different working substances can be used, such as a gas or a thermo- 
electric device such as descri bed in C hapter 1. There are also various possi ble arrangements 
of machinery. For example, a Carnot cycle can be devised that takes place entirely within a 
cylinder, using a gas as a working substance, as shown in Fig. 7.19. 
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FIGURE 7.19 

Example of a gaseous 
system operating on a 
Carnot cycle. 
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The important point to be made here is that the Carnot cycle, regardless of what the 
working substance may be, always has the same four basic processes. These processes are: 

1. A reversible isothermal process in which heat is transferred to or from the high- 
temperature reservoir. 

2. A reversible adiabatic process in which the temperature of the working fluid decreases 
from the high temperature to the low temperature. 

3. A reversible isothermal process in which heat is transferred to or from the low- 
temperature reservoir. 

4. A reversibleadiabatic process in which the temperature of the working fluid increases 
from the low temperature to the high temperature. 


7.6 


TWO PROPOSITIONS REGARDING THE 
EFFICIENCY OF A CARNOT CYCLE 


There are two important propositions regarding the efficiency of a Carnot cycle. 


First Proposition 

it is impossible to construct an engine that operates between two given reservoirs and is 
more efficient than a reversible engine operating between the same two reservoirs. 

T he proof of this statement i s provi ded by a thought experi ment. A n i nitial assumption 
ismade, and itisthen shown that this assumption leads to i mpossi ble concl usions. Theonly 
possible conclusion is that the initial assumption was incorrect. 

Let us assume that there is an irreversible engine operating between two given reser- 
voirs that has a greater efficiency than a reversible engine operating between the same two 
reservoirs. Let the heat transfer to the irreversible engine be Q H , the heat rejected beCY, and 
the work be 1/1/ | E (which equals Q H -Ql), as shown in Fig. 7.20. Let the reversible engine 
operate as a refrigerator (this is possible since it is reversible). Finally, let the heat trans- 
fer with the low -temperature reservoir be CY, the heat transfer with the high-temperature 
reservoir beCY, and the work required be 1/1/ RE (which equals Oh - Ql )■ 

Si nee the initial assumption was that the irreversible engine is more efficient, it follows 
(becauseCY isthesamefor both engines) that CY <CY and 1 / 1 / | E > 1 / 1 / RE . Now the irreversible 
engine can drive the reversible engine and still deliver the net work 1/1/ ne t, which equals 
1/1/ ie — 1/1/ re — Ql - Ql - If we consider the two engines and the high-temperature reservoir 
as a system, as indicated in Fig. 7.20, we have a system that operates in a cycle, exchanges 
heat with a single reservoir, and does a certain amount of work. Flowever, this would 
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FIGURE 7.20 

Demonstration of the 
fact that the Carnot cycle 
is the most efficient cycle 
operating between two 
fixed-temperature 
reservoirs. 
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constitute a violation of the second law, and we conclude that our initial assumption (that 
the irreversible engine is moreefficientthan a reversible engine) is incorrect. Therefore, we 
cannot have an irreversible engine that is more efficient than a reversible engine operating 
between the same two reservoirs. 

Second Proposition 

All engines that operate on the Carnot cycle between two given constant- temperature reser- 
voirs have the same efficiency. The proof of this proposition is similar to the proof just 
outlined, which assumes that there is one Carnot cycle that is more efficient than another 
C arnot cycl e operati ng between the same temperature reservoi rs. L et the C arnot cycle w ith 
the higher efficiency replace the irreversible cycle of the previous argument, and let the 
Carnot cycle with the lower efficiency operate as the refrigerator. The proof proceeds with 
the same line of reasoning as in the first proposition. The details are left as an exercise for 
the student. 


7.7 


THE THERMODYNAMIC TEMPERATURE SCALE 


I n discussing temperature in Chapter 2, we pointed outthatthezeroth law of thermodynamics 
provides a basis for temperature measurement, but that a temperature scale must be defined 
in terms of a particular thermometer substance and device. A temperature scale that is 
independent of any particular substance, which might be called an absolute temperature 
scale, would be most desirable. In the preceding paragraph we noted that the efficiency of 
a Carnot cycle is independent of the working substance and depends only on the reservoir 
temperatures. This fact provides the basis for such an absolute temperature scale called 
the thermodynamic scale. Since the efficiency of a Carnot cycle is a function only of the 
temperature, it follows that 


, Ol 

^thermal — -t n 
V H 


1 -HTl.Th) 


( 7 . 3 ) 


where f designates a functional relation. 
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There are many functional relations that could be chosen to satisfy the relation given 
in Eq. 7.3. For simplicity, the thermodynamic scale is defined as 


0 h _ 

07 “ h 


(7.4) 


Substituting this definition into Eq. 7.3 results in thefol lowi ng relation between the thermal 
efficiency of a Carnot cycle and the absolute temperatures of the two reserviors. 


-t ° L 

^thermal — 4 — — 

V H 



(7.5) 


It should be noted, however, that the definition of Eq. 7.4 is not complete since it does 
not specify the magnitude of the degree of temperature or a fixed reference point value. In 
the following section, we will discuss in greater detail the ideal-gas absolute temperature 
introduced in Section 3.6 and show that this scale satisfies the relation defined by Eq. 7.4. 


7.8 


THE IDEAL-GAS TEMPERATURE SCALE 


In this section we reconsider in greater detail the ideal-gas temperature scale introduced 
in Section 3.6. This scale is based on the observation that as the pressure of a real gas 
approaches zero, its equation of state approaches that of an ideal gas: 


Pv = RT 


It will be shown that the ideal-gas temperature scale satisfies the definition of thermo- 
dynamic temperature given in the preceding section by Eq. 7.4. But first, letusconsiderhow 
an ideal gas might be used to measure temperature in a constant-volume gas thermometer, 
shown schematically in Fig. 7.21. 

Let the gas bulb be placed in the location where the temperature is to be measured, 
and let the mercury column be adjusted so that the level of mercury stands at the reference 


FIGURE 7.21 

Schematic diagram of a 
constant-volume gas 
thermometer. 
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mark A. Thus, the volume of the gas remains constant. Assume that the gas in the capillary 
tube is at the same temperature as the gas in the bulb. Then the pressure of the gas, which 
is indicated by the height L of the mercury column, is a measure of the temperature. 

Let the pressure that is associated with the temperature of the triple point of water 
(273.16 K) also be measured, and let us designate this pressureP t . p .. Then, from the definition 
of an ideal gas, any other temperature! could be determined from a pressure measurement 
P by the relation 

T = 273 16 (£) 


In a certain constant- volume ideal -gas thermometer, the measured pressure at the ice point 
(seeSection 2.11) of water, 0°C, is 110.9 kPa and at the steam point, 100°C, is 151.5 kPa. 
E xtrapolati ng, at what C el si us temperature does the pressure go to zero (i.e., zero absol ute 
temperature)? 

Analysis 

From the ideal-gas equation of state PV = mRT at constant mass and volume, pressure 
is directly proportional to temperature, as shown in Fig. 7.22, 

P =CT, where! istheabsoluteideal-gastemperature 



? 0C 100 C T Plot for Example 7.3. 


Solution 


Slope 


A P 
AT 


151.5-110.9 

100-0 


0.406 kPa/°C 


Extrapolating from the 0°C point to P = 0, 


110.9 kPa 
0.406 kPa/°C 


— 273.15°C 


establishing the relation between absolute ideal-gas Kelvin and Celsius temperature 
scales. 

(Note: Compatible with the subsequent present-day definition of the Kelvin and the Celsius 
scale in Section 2.11.) 
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FIGURE 7.23 Sketch 

showing how the 
ideal-gas temperature is 
determined. 


From a practical point of view, we have the problem that no gas behaves exactly like 
an ideal gas. However, we do know that as the pressure approaches zero, the behavior of 
all gases approaches that of an ideal gas. Suppose then that a series of measurements is 
made with varying amounts of gas in the gas bulb. This means that the pressure measured 
at the triple point, and also the pressure at any other temperature, will vary. If the indicated 
temperature T; (obtained by assuming that the gas is ideal) is plotted against the pressure 
of gas with the bulb at the triple point of water, a curve like the one shown in Fig. 7.23 is 
obtained. When this curve is extrapolated to zero pressure, the correct ideal -gas temperature 
is obtained. Different curves might result from different gases, but they would all indicate 
the same temperature at zero pressure. 

We have outlined only the general features and principles for measuring temperature 
on the ideal-gas scale of temperatures. Precision work in this field is difficult and laborious, 
and there are only a few laboratories in the world where such work is carried on. The 
international Temperature Scale, which was mentioned in Chapter 2, closely approximates 
the thermodynamic temperature scale and is much easier to work with in actual temperature 
measurement. 

We now demonstrate that the ideal -gas temperature scale discussed earlier is, in fact, 
identical to the thermodynamic temperature scale, which was defined in the discussion of 
the Carnot cycle and the second law. Our objective can be achieved by using an ideal gas 
as the working fluid for a Carnot-cycle heat engine and analyzing the four processes that 
make up the cycle. The four state points, 1, 2, 3, and 4, and the four processes are as shown 
in Fig. 7.24. For convenience, let us consider a unit mass of gas inside the cylinder. Now 
for each of the four processes, the reversible work done at the moving boundary is given by 
Eg. 4.3: 


<$i/i/ = P dv 

Similarly, for each process the gas behavior is, from the ideal-gas relation, Eq. 3.5, 

Pv = RT 

and the internal energy change, from Eq. 5.20, is 


du = C v0 dT 
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P 



FIGURE 7.24 The 

ideal-gas Carnot cycle. 


Ideal gas 


Assuming no changes in kinetic or potential energies, the first law is, from Eq. 5.7 at unit 
mass, 


Sq = du + Sw 


Substituting the three previous expressions into this equation, we have for each of the four 
processes 


RT 


Sq — C i/o dT + 


dv 


(7.6) 


The shape of the two isothermal processes shown in Fig. 7.23 is known, since Pv is 
constant in each case. The process 1-2 is an expansion at T H , such that v 2 is larger than Vi. 
Similarly, the process 3-4 is a compression at a lower temperature, T L , and v 4 is smaller than 
v 3 . The adiabatic process 2-3 is an expansion from T H to T L , with an increase in specific 
volume, while the adiabatic process 4-1 is a compression from T L to T H , with a decrease 
in specific volume. The area below each process line represents the work for that process, 
as given by Eq. 4.4. 

We now proceed to integrate Eq. 7.6 for each of the four processes that make up the 
Carnot cycle. For the isothermal heat addition process 1-2, we have 


q H = 1 q 2 = 0 + RT h In — 


(7.7) 


For the adiabatic expansion process 2-3 we divide by T to get, 



(7.8) 


For the isothermal heat rejection process 3-4, 


V4 

1/3 


qi = — 3 Q 4 = -0 - RT l In 

= +RT l In — 
v 4 


(7.9) 
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and for the adiabatic compression process 4-1 we divide by T to get, 

0= [ Th ^dT +R In— (7.10) 

Jt l T V 4 

From Eqs. 7.8 and 7.10, we get 


L 


r H q 


dT = R In — = -R In — 


n L 1 v 2 ^4 

Therefore, 

V3 _ va 
V2~ Vi' 

Thus, from Eqs. 7.7 and 7.9 and substituting Eq. 7.11, we find that 


or * = 

V 4 Vi 


Qh_ 

Ql 


T 


H 


RT H In — 

TTTTt-rr 

v 4 


(7.11) 


which is Eq. 7.4, the definition of the thermodynamic temperature scale in connection with 
the second law. 


7.9 


IDEAL VERSUS REAL MACHINES 


Following the definition of the thermodynamic temperature scale by Eq. 7.4, it was noted 
that the thermal efficiency of a Carnot cycle heat engine is given by Eq. 7.5. it also follows 
that a Carnot cycle operating as a refrigerator or heat pump will have a COP expressed as 


P = 


Ql 

Qh - Ql 


T l 

Carnot Th — Tl 


(7.12) 


Th 


Q L Carnot Th — T(_ 


(7.13) 


Forali three "efficiencies" in Eqs. 7.5, 7.12, and 7.13, the first equality sign is the definition 
with the use of the energy equation and thus is always true. The second equality sign is valid 
only if the cycle is reversible, that is, a Carnot cycle. Any real heat engine, refrigerator, or 
heat pump will be less efficient, such that 


J 7real thermal 


= 1 


— < 1 - — 
Qh T h 


Ql T l 

/Sreal = - - < 


Qh - Ql T h -T l 
= Th 


Qh - Ql T h -T l 

A final point needs to be made about the significance of absolute zero temperature 
in connection with the second law and the thermodynamic temperature scale. Consider a 
Carnot-cycleheat enginethat receives a given amountof heatfrom agiven high-temperature 
reservo i r. A s th e tern peratu re at w h i c h heat i s rej ected f ro m th e cy c I e i s I o w ered, th e net w o rk 
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output increases and the amount of heat rejected decreases, in the limit, the heat rejected is 
zero, and the temperature of the reservoir corresponding to this limit is absolute zero. 

Similarly, for a Carnot-cycle refrigerator, the amount of work required to produce 
a given amount of refrigeration increases as the temperature of the refrigerated space de- 
creases. Absolute zero represents the limiting temperature that can be achieved, and the 
amount of work required to produce a finite amount of refrigeration approaches infinity as 
the temperature at which refrigeration is provided approaches zero. 


Let us consider the heat engine, shown schematically in Fig. 7.25, that receives a heat- 
transfer rate of 1 M W at a high temperature of 550°C and rejects energy to the ambient 
surroundings at 300 K . Work is produced at a rate of 450 kW. We would like to know 
how much energy is discarded to the ambient surroundings and the engine efficiency and 
compare both of these to a Carnot heat engine operating between the same two reservoirs. 


V 



y 



w 


r 



\ 


FIGURE 7.25 A heat engine operating between 
two constant-temperature energy reservoirs for 
Example 7.4. 


Solution 

If we take the heat engine as a control volume, the energy equation gives 
Q l = Q h - 1/1/ = 1000 - 450 = 550 kW 
and from the definition of efficiency 

^thermal = W /Q H = 450/1000 = 0.45 

For the Carnot heat engine, the efficiency is given by the temperature of the reservoirs: 

, T l , 300 

Carnot - 1 - — - 1 - ^ + m - 0.635 

The rates of work and heat rejection become 

I/I I = ijcamotO H = 0.635 X 1000 = 635 kW 
Q l = Q h - W = 1000 - 635 = 365 kW 

The actual heat engine thus has a lower efficiency than the Carnot (ideal) heat engine, with 
a value of 45% typical for a modern steam power plant. This also implies that the actual 
engine rejects a larger amount of energy to the ambient surroundings (55%) compared 
with the Carnot heat engine (36%). 
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EXAMPLE 7.5 As one mode of operation of an air conditioner is the cooling of a room on a hot day, it 
works as a refrigerator, shown in Fig. 7.26. A total of 4 kW should be removed from a room 
at 24°C to the outside atmosphere at 35°C . We would I i ke to esti mate the magnitude of the 
required work. To do this we will not analyze the processes inside the refrigerator, which 
is deferred to Chapter 11, but we can give a lower limit for the rate of work, assuming it 
is a Carnot-cycle refrigerator. 



Inside air 


Outside air 


FIGURE 7.26 An air 

conditioner in cooling 
mode where Tl is the 
room. 



An air conditioner in cooling mode 


Solution 

TheCOP is 

(h = Ol = T l = 273 + 24 = 2? 

1/1 1/ Q h -Q l Tn-Ti 35-24 

so the rate of work or power input will be 

W = Q L /p = 4/27 = 0.15 kW 

Since the power was estimated assuming a Carnot refrigerator, it is the smallest amount 
possible. Recall also the expressions for heat-transfer rates in Chapter 4. If the refrigerator 
should push 4.15 kW out to the atmosphere at 35°C, the high-temperature side of it should 
beat a higher temperature, maybe 45°C, to have a reasonably small-sized heat exchanger. 
As it cools the room, a flow of air of less than, say, 18°C would be needed. Redoing the 
COP with a high of 45°C and a low of 18°C gives 10.8, which is more realistic. A real 
refrigerator would operate with a COP of the order of 5 or less. 


In the previous discussion and examples, we considered the constant-temperature 
energy reservoirs and used those temperatures to calculate the Carnot-cycle efficiency. 
However, if we recall the expressions for the rate of heat transfer by conduction, convection, 
or radiation in Chapter 4, they can all be shown as 

Q = C AT 


(7.14) 
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T he constant C depends on the mode of heat transfer as 

k/4 

Conduction: C = — Convection: C = h>4 

Ax 

Radiation: C = saA(T s 2 + T£)(T s + T x ) 

For more complex situations with combined layers and modes, we also recover the form in 
Eq. 7.14, but with a value of C that depends on the geometry, materials, and modes of heat 
transfer. To have a heat transfer, we therefore must have a temperature difference so that the 
working substance inside a cycle cannot attain the reservoir temperature unless the area is 
infinitely large. 


7.10 


ENGINEERING APPLICATIONS 


The second law of thermodynamics is presented as it was developed, with some additional 
comments and in a modern context. The main implication is the limits it imposes on pro- 
cesses: Some processes will not occur but others will, with a constraint on the operation of 
complete cycles such as heat engines and heat pumps. 

Nearly all energy conversion processes that generate work (typically converted further 
from mechanical to electrical work) involve some type of cyclic heat engine. These include 
the engine in a car, a turbine in a power plant, or a windmill. The source of energy can be 
a storage reservoir (fossil fuels that can burn, such as gasoline or natural gas) or a more 
temporary form, for example, the wind kinetic energy that ultimately is driven by heat input 
from the sun. 



M achines that violate the energy equation, say generate energy from nothing, are 
called perpetual-motion machines of the first kind. Such machines have been "demon- 
strated" and investors asked to put money into their development, but most of them had 
some kind of energy input not easily observed (such as a small, compressed air line or 
a hidden fuel supply). Recent examples are cold fusion and electrical phase imbalance; 
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these can be measured only by knowledgeable engineers. Today it is recognized that these 
processes are impossible. 

M achines that viol ate the second law but obey the energy equation arecal led perpetual - 
motion machines of the second kind. These are a little more subtle to analyze, and for the 
unknow I edgeable person they often look as if they should work. There are many examples of 
these and they are even proposed today, often hidden by a variety of complicated processes 
that obscure the overall process. 


PROCESSES LIMITED BY THE SECOND LAW 


Heat transfer 
No work term 

Flow, m 
No KE, PE 


POSSIBLE 
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Actual Heat Engines and Heat Pumps 

The necessary heat transfer in many of these systems typically takes place in dual-fluid 
heat exchangers where the working substance receives or rejects heat. These heat engines 
typcially have an external combustion of fuel, as in coal, oil, or natural gas-fired power 
plants, or they receive heat from a nuclear reactor or some other source. There are only 
a few types of movable engines with external combustion, notably a Stirling engine (see 
Chapter 12) that uses a light gas as a working substance. Heat pump or refrigerators all 
have heat transfer external to the working substance with work input that is electrical, as 
in the standard household refrigerator, but it can also be shaft work from a belt, as in a car 
air-conditioner system. The heat transfer requires a temperature difference (recall Eq. 7.14) 
such that the rates become 

0 H =C h A T h and Q L = C L A T L 

where the C's depend on the details of the heat transfer and interface area. That is, for a 
heat engine, the working substance goes through a cycle that has 

Thigh = Th — A Th and T i 0 w = Tl + AT/. 

so the operating range that determines the cycle efficiency becomes 

AThe = Thigh - Tow = Th - Tl — (AT h + A Tl) 


(7.15) 
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For a heat pump the working substance must be warmer than the reservoir to which 
it moves Q H , and it must be colder than the reservoir from which it takes Q L , so we get 

7"high = Th + AT H and Ti 0VI =T l -AT l 

giving an operating range for the working substance as 

ATHp = Thigh — T\ 0 w = T h — T i + (AT h + AT l) (7.16) 

This effect is illustrated in Fig 7.27 for both the heat engine and the heat pump. Notice 
that in both cases the effect of the finite temperature difference due to the heat transfer is to 
decrease the performance. The heat engine's maximum possible efficiency is lower due to 
the lower Thigh and higher T| 0W , and the heat pump's (also the refrigerator’s) COP is lower 
due to the higher T high and the lower T | 0W . 

For heat engines with an energy conversion process in the working substance such 
as combustion, there is no heat transfer to or from an external energy reservoir. These are 
typically engines that move and thus cannot have large pieces of equipment, as volume and 
mass are undesirable, as in car and truck engines, gas turbines, and jet engines. W hen the 
working substance becomes hot, it has a heat transfer loss to its surroundings that lowers 
the pressure (given the volume) and thus decreases the ability to do work on any moving 
boundary. These processes are more difficult to analyze and require extensive knowledge 
to predict any net effect li ke efficiency, so in later chapters we will use somesimple models 
to describe these cycles. 

A final comment about heat engines and heat pumps is that there are no practical 
examples of these that run in a Carnot cycle. All the cyclic devices operate in slightly 
different cycles determined by the behavior of the physical arrangements, as shown in 
Chapters 11 and 12. 

Some Historical Developments in Thermodynamics 

Progress in understanding the physical sciences led to the basic development of the sec- 
ond law of thermodynamics before the first law. A wide variety of people with different 
backgrounds did work in this area, Carnot and Kelvin among others, that, combined with 
developments in mathematics and physics, helped foster the industrial Revolution. M uch 
of this work took place in the second half of the 1800s followed by applications continu- 
ing into the early 1900s such as steam turbines, gasoline and diesel engines, and modern 
refrigerators. A II of these inventions and developments had a profound effect on our society. 


FIGURE 7.27 

Temperature span for 
heat engines and heat 
pumps. 
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Year 

Person 

Event 

1660 

Robert Boyle 

P — CIV at constant T (first gas law attempt) 

1687 

Isaac Newton 

Newton's laws, gravitation, law of motion 

1712 

Thomas Newcomen 
& Thomas Savery 

First practical steam engine using piston-cylinder 

1714 

Gabriel Fahrenheit 

First mercury thermometer 

1738 

Daniel Bernoulli 

Forces in hydraulics, Bernoulli's equation (Ch. 9) 

1742 

Anders Celsius 

Proposes Celsius scale 

1765 

J ames Watt 

Steam engine that includes a separate condenser (C h. 11) 

1787 

JaquesA. Charles 

Ideal gas relation between V and T 

1824 

Sadi Carnot 

Concept of heat engine, hints at second law 

1827 

George Ohm 

Ohm law formulated 

1839 

William Grove 

First fuel cell (Ch. 15) 

1842 

J ulius Robert M ayer 

Conservation of energy 

1843 

J ames P. Joule 

Experimentally measured equivalency of work and heat 

1848 

William Thomson 

Lord Kelvin proposes absolute temperature scalebased 
on the work done by Carnot and Charles 

1850 

Rudolf Clausius and 

First law of energy conservation, Thermodynamics is a 


later, William Rankine 

new science. 

1865 

Rudolf Clausius 

Entropy (Ch. 8) increases in a closed system 
(second law) 

1877 

N ikolaus Otto 

Develops the Otto cycle engine (Ch. 12) 

1878 

J. Willard Gibbs 

Heterogeneous equilibria, phase rule 

1882 

Joseph Fourier 

M athematical theory of heat transfer 

1882 


Electrical generating plant in New York (Ch. 11) 

1893 

Rudolf Diesel 

Develops the compression-ignition engine (Ch. 12) 

1896 

Henry Ford 

First Ford (quadricycle) built in M ichigan 

1927 

General Electric Co. 

First refrigerator made available to consumers (Ch. 11) 


The classical presentation of the econd law of thermodynamics starts with the concept of 
heat engines and refrigerators. A heat engine produces work from a heat transfer obtained 
from a thermal reservoir, and its operation is limited by the C el vi n- Planck statement. 
R efrigerators arefunctional ly the same as heat pumps, and they drive energy by heat transfer 
from a colder environment to a hotter environment, something that will not happen by itself. 
T he C I ausi us statement says i n effect that the ref ri gerator or heat pum p does need work i nput 
to accomplish the task. To approach the limit of these cyclic devices, the idea of reversible 
processes is discussed and further explained by the opposite, namely, irreversible processes 
and impossible machines. A perpetual motion machine of the first kind violates the first I aw 
(energy equation), and a perpetual-motion machine of the second kind violates the second 
law of thermodynamics. 

The limitations for the performance of heat engines (thermal efficiency) and heat 
pumps or refrigerators (coefficient of performance or COP) are expressed by the corre- 
sponding Carnot-cyck device. Two propositions about the Carnot cycle device are another 
way of expressing the second law of thermodynamics instead of the statements of K el vi n- 
Planck or Clausius. These propositions lead to the establishment of the thermodynamic 
absolute temperature, done by Lord Kelvin, and the Carnot-cycle efficiency. We show this 
temperature to be the same as the ideal-gas temperature introduced in Chapter 3. 
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You should have learned a number of skills and acquired abilities from studying this 
chapter that will allow you to 

• U nderstand the concepts of heat engines, heat pumps, and refrigerators. 

• Have an idea about reversible processes. 

• Know a number of irreversible processes and recognize them. 

• Know what a Carnot cycle is. 

• U nderstand the definition of thermal efficiency of a heat engine. 

• U nderstand the definition of coefficient of performance (COP) of a heat pump. 

• Know the difference between absolute and relative temperature. 

• Know the limits of thermal efficiency as dictated by the thermal reservoirs and the 
Carnot-cycle device. 

• Have an idea about the thermal efficiency of real heat engines. 

• Know the limits of COP as dictated by the thermal reservoirs and the Carnot-cycle 
device. 

• Have an idea about the COP of real refrigerators. 


KEY CONCEPTS 
AND FORMULAS 


(All I/I/, Q can also be rates I/I/, 0) 


Heat engine 
Heat pump 

Refrigerator 

Factors that make 
processes irreversible 

Carnot cycle 


Proposition I 
Proposition II 

Absolute temperature 

Real heat engine 

Real heat pump 

Real refrigerator 
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CONCEPT-STUDY GUIDE PROBLEMS 

7.1 Two heat engi nes operate between the same two en- 
ergy reservoirs, and both receive the same Q H .One 
engine is reversible and the other is not. What can 
you say about the two Q L 's? 

7.2 Compare two domestic heat pumps (/A and 8) run- 
ning with the same work input. If A is better than 
B, which one provides more heat? 

7.3 Suppose we forget the model for heat transfer, 
0 = C A AT; can wedraw someinformation about 
the direction of Q from the second law? 

7.4 A combination of two heat engines is shown in 
Fig. P7.4. Find the overall thermal efficiency as a 
function of the two individual efficencies. 


\ / 


\ 1 / 


0 H 


A 


V 


0 L 



lAf 

V 

FIGURE P7.4 



7.5 Compare two heat engines receiving the same Q, 
one at 1200 K and the other at 1800 K, both of 
which reject heat at 500 K. Which one is better? 

7.6 A car engine takes atmospheric air in at 20°C, no 
fuel, and exhausts the air at -20°C, producing work 
in the process. What do the first and second laws 
say about that? 

7.7 A combination of two refrigerator cycles is shown 
in Fig. P7.7. Find the overall COP as a function of 
COPi and COP 2 . 



IN IN FIGURE P7.7 

7.8 After you have driven a car on a trip and it is back 
home, the car’s engine has cooled down and thus 
is back to the state in which it started. What hap- 
pened to all the energy released in the burning of 
gasoline? W hat happened to all the work the engine 
gave out? 

7.9 Does a reversible heat engine burning coal (which 
in practice cannot be done reversibly) haveimpacts 
on our world other than depletion of the coal re- 
serve? 

7.10 If the efficiency of a power plant goes up as the 
low temperature drops, why do all power plants not 
reject energy at, say, -40°C? 

7.11 I f the effici ency of a power pi ant goes up as the low 
temperature drops, why not let the heat rejection go 
to a refrigerator at, say, -10°C instead of ambient 
20°C? 

7.12 A coal-fired power plant operates with a high tem- 
perature of 600°C, whereas a jet engine has about 
1400 K. Does this mean that we should replace all 
power plants with jet engines? 

7.13 FI eat transfer requi res a temperature difference (see 
C hapter 4) to push the Q . W hat does that imply for 
a real heat engine? A refrigerator? 

7.14 Hot combustion gases (air) at 1500 K are used as 
the heat source in a heat engine where the gas is 
cooled to 750 K and the ambient is at 300 K . This 
is not a constant- temperature source. How does that 
affect the efficiency? 


HOMEWORK PROBLEMS 

Heat Engi nes and Refrigerators 

7.15 A gasoline engine produces 20 hp using 35 kW of 
heat transfer from burni ng fuel . W hat is its thermal 
efficiency, and how much power is rejected to the 
ambient surroundings? 


7.16 Calculate the thermal efficiency of the steam power 
plant given in Example 6.9. 

7.17 A refrigerator removes 1.5 kj from the cold space 
using 1 kj of work input. How much energy goes 
into the kitchen, and what is its COP? 
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7.18 Calculate the COP of the R-134a refrigerator given 
in Example 6.10. 

7.19 A coal-fired power plant has an efficiency of 35% 
and produces net 500 M W of electricity. Coal re- 
leases 25 000 kj/kg as it burns, so how much coal 
is used per hour? 

7.20 A ssume we have a ref rigerator operati ng at a steady 
state using 500 W of electric power with a COP of 
2.5. What is the net effect on the kitchen air? 

7.21 A room is heated with a 1500 W electric heater. 
How much power can be saved if a heat pump with 
a COP of 2.0 is used instead? 

7.22 An air conditioner discards 5.1 kW to the ambient 
surroundings with a power input of 1.5 kW. Find 
the rate of cooling and the COP. 


w = 1 .5 kW 




FIGURE P7.22 


750 W of electric power with a COP of 1.75. What 
is the cooling power capacity, and what is the net 
effect on the laboratory? 

7.25 A water cooler for drinking water should cool 
25 L/h water from 18°C to 10°C using a small re- 
frigeration unit with a COP of 2.5. Find the rate 
of cooling required and the power input to the 
unit. 

7.26 A farmer runs a heat pump with a 2 kW motor. 
It should keep a chicken hatchery at 30°C, which 
loses energy at a rate of 10 kW to the colder am- 
bientlamb. Whatisthe minimum COP thatwill be 
acceptable for the heat pump? 

7.27 Calculate the COP of the R-410a heat pump cycle 
described in Problem 6.108. 

7.28 A power plant generates 150 MW of electrical 
power. It uses a supply of 1000 MW from a geo- 
thermal source and rejects energy to the atmo- 
sphere. Find the power to the air and how much 
air should be flowed to the cooling tower (kg/s) 
if its temperature cannot be increased more than 
10°C. 

7.29 A water cooler for drinking water should cool 
25 L/h water from 18°C to 10°C while the wa- 
ter reservoir gains 60 W from heat transfer. As- 
sume that a small refrigeration unit with a COP of 
2.5 does the cooling. Find the total rate of cooling 
required and the power input to the unit. 

7.30 A car engine delivers 25 hp to thedriveshaft with a 
thermal efficiency of 30%. The fuel has a heating 
value of 40 000 kj/kg. Find the rate of fuel con- 
sumption and the combi ned power rejected through 
the radiator and exhaust. 

7.31 R-410a enters the evaporator (the cold heat 
exchanger) in an air-conditioning unit at -20°C, 
x = 28% and leaves at -20°C, x = 1. The COP 
of the refrigerator is 1.5 and the mass flow rate is 
0.003 kg/s. Find the net work input to the 
cycle. 

7.32 For each of the cases below, determine if the heat 
engine satisfies the first law (energy equation) and 
if it violates the second law. 


7.23 Calculate the thermal efficiency of the steam power 
plant cycle described in Problem 6.103. 

7.24 A window air-conditioner unit is placed on a lab- 
oratory bench and tested in cooling mode using 


a. Q h = 6 kW Ql 

b. Q h = 6 kW Ql 

c. Q h = 6 kW Ql 

d. Q h = 6 kW Q l 


= 4kW 

1/1/ 

= 2 kW 

= 0 kW 

1/1 / 

= 6kW 

= 2 kW 

1/1 / 

= 5 kW 

= 6kW 

1/1 / 

= 0 kW 
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7.33 For each of the cases in Problem 7.32 determine if 
a heat pu m p sati sfi es the fi rst I aw ( energy eq uati o n ) 
and if it violates the second law. 

7.34 A large stationary diesel engine produces 15 M W 
with a thermal efficiency of 40%. The exhaust gas, 
which we assume is air, flows out at 800 K, and the 
intake is 290 K . How large is the mass flow rate? 
Can the exhaust flow energy be used? 

7.35 In asteam power plant 1 M W isadded inthe boiler, 
0.58 MW is taken out in the condenser, and the 
pump work is 0.02 M W. Find the plant’s thermal 
efficiency. If everything could be reversed, find the 
COP as a refrigerator. 

7.36 Calculate the amount of work input a refrigerator 
needs to make ice cubes out of a tray of 0.25 kg liq- 
uid water at 10°C . A ssume that the refrigerator has 
p = 3.5 and a motor-compressor of 750 W. How 
much time does it take if this is the only cooling 
load? 


Second Law and Processes 

7.37 Prove that a cycl ic device that violates the Kelvi n- 
Planck statement of the second law also violates the 
Clausius statement of the second law. 

7.38 Assumeacyclicmachinethatexchanges6kW with 
a 250°C reservoir and has 

a. Q l = OkW 1/1/ = 6kW 

b. q l = 6kW 1/1/ = OkW 

and Q l isexchanged with ambient surroundings at 
30°C . W hat can you say about the processes i n the 
two cases a and b if the machine is a heat engine? 
Repeat the question for the case of a heat pump. 

7.39 Discuss thefactorsthatwould makethepowerplant 
cycle described in Problem 6.103 an irreversible 
cycle. 

7.40 D iscuss the factors that would make the heat pump 
cycle described in Problem 6.108 an irreversible 
cycle. 

7.41 C onsi der the four cases of a heat engi ne i n P robl em 
7.32 and determine if any of those are perpetual- 
motion machines of the first or second kind. 

7.42 Consider a heat engine and heat pump connected 
as shown in Fig. P7.42. AssumeT H i =T H2 > T amb 
and determinefor each of the three cases if the setup 
satisfies the first I aw and/or violates the second law. 


\ Tf/1 / \ T H2 / 



^ambient 



Ohi 

Oli 

Wi 

Ohi 

Ql2 

1 1*2 

a 

6 

4 

2 

3 

2 

1 

b 

6 

4 

2 

5 

4 

1 

c 

3 

2 

1 

4 

3 

1 


FIGURE P7.42 


7.43 The water in a shallow pond heats up during the 
day and cools down during the night. Heat transfer 
by radiation, conduction, and convection with the 
ambient surroundings thus cycles the water tem- 
perature. Issuch acyclic process reversible or irre- 
versible? 

Carnot Cycles and Absolute Temperature 

7.44 Calculate the thermal efficiency of a Carnot-cycle 
heat engine operating between reservoirs at 300°C 
and 45°C. Compare the result to that of Problem 
7.16. 

7.45 A Carnot-cycle heat engine has an efficiency of 
40%. I f the high temperature is rai sed 10%, whatis 
the new efficiency, keeping the same low tempera- 
ture? 

7.46 Find the power output and the low T heat rejection 
rate for a Carnot-cycle heat engine that receives 
6kW at250°C and rejects heat at 30°C, as in Prob- 
lem 7.38. 

7.47 Consider the setup with two stacked (temperature- 
wise) heat engines, as in Fig. P7.4. Let T H = 900 
K , T M = 600 K, and T L = 300 K. Find the two 
heat engine efficiencies and the combined overall 
efficiency assuming Carnot cycles. 

7.48 At a few places where the air is very cold in the 
winter, for example, -30°C, it is possible to find 
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a temperature of 13°C below ground. What effi- 
ciency will a heat engine have operating between 
these two thermal reservoirs? 

7.49 Find the maximum COP for the refrigerator in your 
kitchen, assuming it runs in a Carnot cycle. 

7.50 A refrigerator should remove 500 kj from some 
food. Assume the refrigerator works in a Carnot 
cycle between -10°C and 45°C with a motor- 
compressor of 500 W. How much time does it take 
if this is the only cooling load? 

7.51 A carengineburns5kgoffuel (equivalentto adding 
Qh ) at 1500 K and rejects energy to the radiator and 
exhaust at an average temperature of 750 K. As- 
sume the fuel has a heating value of 40 000 kj/kg 
and find the maximum amount of work the engine 
can provide. 

7.52 A large heat pump should upgrade 5 MW of heat at 
85°C to be delivered as heat at 150°C. What is the 
minimum amount of work (power) input that will 
drive this pump? 

7.53 An air conditioner provides 1 kg/s of air at 15°C 
cooled from outside atmospheric air at 35°C. Esti- 
mate the amount of power needed to operate the ai r 
conditioner. Clearly state all assumptions made. 

7.54 A cyclic machine, shown in Fig. P7.54, receives 
325 kj from a 1000 K energy reservoir, it rejects 
125 kj to a 400 K energy reservoir, and the cycle 
produces 200 kj of work as output. Is this cycle 
reversible, irreversible, or impossible? 


Cyclic 

machine 


V 


Q h = 325 kj 


o W = 200 kJ 

Q l = 125 kj 


T, = 400 K 


FIGURE P7.54 


7.55 A salesperson selling refrigerators and deep freez- 
ers will guarantee a minimum COP of 4.5 year 
round. How would the performance of these ma- 
chines compare? Would it be steady throughout the 
year? 


7.56 A temperature of about 0.01 K can be achieved 
by magnetic cooling. In this process, a strong mag- 
netic field is imposed on a paramagnetic salt, main- 
tained at 1 K by transfer of energy to liquid he- 
lium boiling at low pressure. The salt is then ther- 
mally isolated from the helium, the magnetic field 
i s removed, and the sal t tern peratu re d ro ps. A ssu me 
that 1 mj is removed at an average temperature of 
0.1 K to the helium by a Carnot-cycle heat pump. 
Find the work input to the heat pump and the COP 
with an ambient temperature of 300 K . 

7.57 The lowest temperature that has been achieved is 
about 1 x 10~ 6 K. To achieve this, an additional 
stage of cooling is required beyond that described 
in the previous problem, namely, nuclear cooling. 
This process is similar to magnetic cooling, but it 
involves the magnetic moment associated with the 
nucl eus rather than that associ ated w i th certai n i ons 
in the paramagnetic salt. SupposethatlO^J i s to be 
removed from a specimen at an average tempera- 
ture of 10 _5 K (10 /xj is approximately the potential 
energy loss of a pin dropping 3 mm). Find the work 
input to a Carnot heat pump and its COP required 
to do this, assuming the ambient temperature is 
300 K. 

7.58 An inventor has developed a refrigeration unit that 
maintains the cold space at-10°C whileoperating 
in a 25°C room. A COP of 8.5 is claimed. How do 
you evaluate this? 

7.59 Calculate the amount of work input a refrigerator 
needs to make ice cubes out of a tray of 0.25 kg liq- 
uid water at 10°C. Assume the refrigerator works 
in a Carnot cycle between -8°C and 35°C with a 
motor-compressor of 750 W. H ow much ti me does 
it take if this is the only cooling load? 

7.60 A heat pump receives energy from a source at 80°C 
and delivers energy to a boiler that operates at 350 
kPa. The boiler input is saturated liquid water and 
the exit is saturated vapor, both at 350 kPa. The heat 
pump is driven by a 2.5 M W motor and has a COP 
that is 60% of a Carnot heat pump COP. What is 
the maximum mass flow rate of water the system 
can deliver? 

7.61 A household freezer operates in a room at 20°C. 
Heat must be transferred from the cold space at a 
rate of 2 kW to maintain its temperature at- 30° C. 
What is the theoretically smallest (power) motor 
required to operate this freezer? 
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7.62 We propose to heat a house in the winter with a 
heat pump. The house is to be maintained at 20°C 
at all times. When the ambient temperature out- 
side drops to -10°C, the rate at which heat is lost 
from the house is estimated to be 25 kW. What is 
the minimum electrical power required to drive the 
heat pump? 



Q\o 


FIGURE P7.62 


7.63 A certain solar-energy collector produces a maxi- 
mum temperature of 100°C. The energy is used in 
a cyclic heat engine that operates in a 10°C envi- 
ronment. W hat i s the maxi mum thermal efficiency? 
W hat is it if the collector is redesigned to focus the 
incoming lightto producea maximum temperature 
of 300°C? 

7.64 Helium has the lowest normal boiling point of any 
element at 4.2 K. At this temperature the enthalpy 
of evaporation is 83.3 kj/kmol. A Carnot refrigera- 
tion cycle is analyzed for the production of 1 kmol 
of liquid helium at 4.2 K from saturated vapor at 
the same temperature. What is the work input to 
the refrigerator and the COP for the cycle with an 
ambient temperature at 300 K? 

7.65 A thermal storage device is made with a rock (gran- 
ite) bed of 2 m 3 that is heated to 400 K using solar 
energy. A heat engine receives Q H from the bed and 
rejects heat to the ambient surroundings at 290 K . 
The rock bed therefore cools down, and as it reaches 
290 K the process stops. Find the energy the rock 
bed can give out. What is the heat engine’s effi- 
ciency at the beginning of the process, and what is 
it at the end of the process? 



7.66 In a cryogenic experiment you need to keep a con- 
tainer at -125°C, although it gains 100 W due to 
heat transfer. W hat i s the smal I est motor you woul d 
need for a heat pump absorbi ng heat from the con- 
tainer and rejecting heat to the room at 20°C? 

7.67 It is proposed to build a 1000 M W electric power 
plant with steam as the working fluid. The con- 
densers are to be cooled with river water (see Fig. 
P7.67). The maximum steam temperature is 550°C, 
and the pressure in the condensers will be 10 kPa. 
Estimate the temperature rise of the river down- 
stream from the power plant. 



7.68 Repeat the previous problem using a more realistic 
thermal efficiency of 35%. 

7.69 A steel bottle of V = 0.1 m 3 contains R-134a at 
20°C and 200 kPa. It is placed in a deep freezer, 
where it is cooled to -20°C. The deep freezer sits 
in a room with an ambient temperature of 20°C 
and has an inside temperature of -20°C. Find the 
amount of energy the freezer must remove from 
the R-134a and the extra amount of work input to 
the freezer to do the process. 

7.70 Sixty kilograms per hour of water runs through a 
heat exchanger, entering as saturated liquid at 200 
kPa and leaving as saturated vapor. The heat is sup- 
plied by a Carnot heat pump operating from a low- 
temperature reservo i r at 16°C .Find the rate of work 
into the heat pump. 

7.71 A heat engine has a solar collector receiving 0.2 
kW/m 2 , inside of which a transfer medium is heated 
to 450 K . The collected energy powers a heat en- 
gine that rejects heat at 40°C. If the heat engine 


FIGURE P7.65 
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should deliver 2.5 kW, what is the minimum size 
(area) of the solar collector? 

7.72 Liquid sodium leaves a nuclear reactor at 800°C 
and is used as the energy source in a steam power 
plant. The condenser cooling water comes from a 
cooling tower at 15°C. Determine the maximum 
thermal efficiency of the power plant. Is it mislead- 
ing to use the temperatures given to calculate this 
value? 

7.73 A power plant with a thermal efficiency of 40% is 
located on a river similar to the arrangement in Fig. 
P 7. 67. With a total river mass flow rate of 1 x 10 5 
kg/s at 15°C, find the maximum power production 
allowed if the river water should not be heated more 
than 1 degree. 

7.74 A heat pump is driven by the work output of a 
heat engine, as shown in Figure P7.74. If we as- 
sume ideal devices, find the ratio of the total power 
Q L i + Q H 2 that heats the house to the power from 
the hot energy source Q H1 in terms of the temper- 
atures. 

\ A/ / \ Tamb / 


Oil- Ql2 



QlA Qh2 

/ House Aoom ^ FIGURE P7.74 

7.75 A car engine with a thermal efficiency of 33% 
drives the air-conditioner unit (a refrigerator) be- 
sides powering the car and other auxiliary equip- 
ment. On a hot (35°C) summer day, the air con- 
ditioner takes outside air in and cools it to 5°C, 
sending it into a duct using 2 kW of power input. 
It is assumed to be half as good as a Carnot re- 
frigeration unit. Find the rate of fuel (kW) being 
burned just to drive the air conditioner and itsCOP. 
Find the flow rate of cold air the air conditioner can 
provide. 

7.76 Two different fuel scan be used in a heatengineop- 
erating between thefuel-burning temperature and a 
low temperature of 350 K. Fuel A burns at 2200 K, 
delivering 30 000 kj/kg, and costs $1. 50/kg. Fuel 
B burns at 1200 K, delivering 40 000 kj/kg, and 


costs $1. 30/kg. Which fuel would you buy and 
why? 

7.77 A large heat pump should upgrade 5 M W of heat 
at85°C to be delivered as heat at 150°C. Suppose 
the actual heat pump hasa COP of 2.5. Flow much 
power is required to drive the unit? For the same 
COP, how high a high temperature would a Carnot 
heat pump have, assuming the same low tempera- 
ture? 

F inite AT H eat T ransfer 

7.78 The ocean near Flawaii has a temperature of 20°C 
near the surface and 5°C at some depth. A power 
plant based on this temperature difference is being 
planned. Flow large an efficiency could it have? If 
the two heat transfer terms (Oh and QJ both re- 
quire a 2-degree difference to operate, what is the 
maximum efficiency? 

7.79 A refrigerator maintaining an inside temperature 
of 5°C is located in a 30°C room, it must have a 
high-temperature AT above room temperature and 
a low-temperature AT below that of the refriger- 
ated space in the cycle to transfer the heat. For a 
AT of 0, 5, and 10°C, respectively, calculate the 
COP, assuming a Carnot cycle. 

7.80 A house is heated by a heat pump driven by 
an electric motor using the outside as the low- 
temperature reservoir. The house loses energy in 
direct proportion to the temperature difference 
as 0 | 0SS = K (T h -Tl). Determine the minimum 
electric power required to drive the heat pump as a 
function of the two temperatures. 



7.81 A house is heated by an electric heat pump using the 
outside as the low-temperature reservoir. For sev- 
eral different w i nter outdoor temperatures, esti mate 
the percent savi ngs i n el ectri city if the house is kept 
at 20°C instead of 24°C. Assume that the house is 
losing energy to the outside, as in Eq. 7.14. 

7.82 A car engine operates with a thermal efficiency 
of 35%. Assume the air conditioner has a COP of 
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p = 3 working as a refrigerator cooling the inside, 
using engine shaft work todriveit. How much extra 
fuel energy should be spent to remove 1 kj from the 
inside? 

7.83 A refrigerator uses a power input of 2.5 kW to cool 
a 5°C space with the high temperature in the cycle 
at 50°C. The Q H is pushed to the ambient air at 
35°C in a heat exchanger where the transfer coef- 
ficient is 50 W/m 2 K . Find the required minimum 
heat transfer area. 

7.84 A heat pump has a COP of p' = 0.5 p' carnot and 
maintains a house at T H = 20°C, while it leaks 
energy out as Q =0.6 (T H - TJfkW], For a max- 
imum of 1.0 kW power input, find the minimum 
outside temperature, Tt, for which the heat pump 
is a sufficient heat source. 

7.85 Consider a room at 20°C cooled by an air condi- 
tioner with a COP of 3.2 using a power input of 
2 kW, with an outside temperature of 35°C . W hat 
is the constant in the heat transfer equation (Eq. 
7.14) fortheheat transferfrom the outside into the 
room? 

7.86 A farmer runs a heat pump with a motor of 2 kW. 
it should keep a chicken hatchery at 30°C, which 
loses energy at a rate of 0.5 kW per degree differ- 
ence to the colder ambient T amb . The heat pump 
has a COP that is 50% of that of a Carnot heat 
pump. What is the minimum ambient temperature 
for which the heat pump is sufficient? 

7.87 AnairconditionercoolsahouseatTi. = 20°C with 
a maxi mum of 1.2 kW power input. The house gains 
energy as Q =0.6(T H - T L )[kW ] and the refriger- 
ation COP is p = 0.6 ^carnot- Find the maximum 
outside temperature, T H , for which the air condi- 
tioner unit provides sufficient cooling. 

7.88 A house is cooled by an electric heat pump using 
the outside as the high-temperature reservoir. For 
several different summer outdoor temperatures, es- 
ti mate the percent savi ngs i n el ectricity if the house 



is kept at 25°C instead of 20°C. Assume that the 
house is gaining energy from the outside in di- 
rect proportion to the temperature difference, as in 
Eq. 7.14. 

7.89 A Carnot heat engine, shown in Fig. P7.89, re- 
ceives energy from a reservoir at T res through 
a heat exchanger where the heat transferred is 
proportional to the temperature difference as 
0 H = K (T res - T h ). It rejects heat at a given low 
temperature T L . To design the heat engine for 
maximum work output, show that the high tem- 
perature, T h , in the cycle should be selected as 
Th =(T l T res ) 1/2 . 


\ Tres / 

0 H 



7.90 Consider a Carnot-cycle heat engine operating in 
outer space. Heat can be rejected from this engine 
only by thermal radiation, which is proportional to 
the radiator area and the fourth power of absolute 
temperature, Q rad = K AT 4 . Show that for a given 
engine work output and given T H , the radiator area 
will be minimum when the ratio T L /T H = 

7.91 On a cold (-10°C) winter day, a heat pump pro- 
vides 20 kW to heat a house maintained at 20°C 
and it has a CO P H p of 4. How much power does the 
heat pump requi re? T he next day, a storm bri ngs the 
outside temperature to -15°C, with thesameCOP 
and the same house heat transfer coeffici ent for the 
heat loss to the outside air. How much power does 
the heat pump require then? 

I deal-G as C arnot C ycles 

7.92 Hydrogen gas is used in a Carnot cycle having an 
efficiency of 60% with a low temperature of 300 K . 
During the heat rejection the pressure changes 
from 90 kPa to 120 kPa. Find the high- and 


FIGURE P7.88 
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low-temperature heat transfer and the net cycle 
work per unit mass of hydrogen. 

7.93 Carbon dioxide is used in an ideal -gas refrigeration 
cycle, the reverse of Fig. 7.24. Heat absorption is 
at 250 K and heat rejection is at 325 K, where the 
pressure changes from 1200 to 2400 kPa. Find the 
refrigeration COP and the specific heat transfer at 
the low temperature. 

7.94 An ideal-gas Carnot cycle with air in a piston cylin- 
der has a high temperature of 1200 K and a heat 
rejection at 400 K. During the heat addition, the 
volume triples. Find the two specific heat transfers 
( q ) in the cycle and the overall cycle efficiency. 

7.95 A i r i n a piston/cyl i nder setup goes through a C arnot 
cyclewith theP-vdiagram shown in Fig. 7.24. The 
high and low temperatures are 600 K and 300 K, re- 
spectively. The heat added at the high temperature 
is 250 kj /kg, and the lowest pressure in the cycle is 
75 kPa. Find the specific volumeand pressure after 
heat rejection and the net work per unit mass. 

Review Problems 

7.96 At a certain location, geothermal energy in under- 
ground water is available and used as an energy 
source for a power plant. Consider a supply of sat- 
urated liquid water at 150°C. What is the maxi mum 
possible thermal efficiency of a cyclic heat engine 
using this source as energy with the ambient sur- 
roundings at 20°C? Would it be better to locate a 
source of saturated vapor at 150°C than to use the 
saturated liquid? 

7.97 A rigid insulated container has two rooms sepa- 
rated by a membrane. Room A contains 1 kg of air 
at 200°C, and room B has 1.5 kg of air at 20°C; 
both rooms are at 100 kPa. Consider two different 
cases: 

1. Heat transfer between A and B creates a final 
uniform T. 

2. The membrane breaks, and the air comes to a 
uniform state. 

For both cases, find the final temperature. Are the 
two processes reversible and different? Explain. 

7.98 Consider the combination of the two heat engines 
in Fig. P7.4. How should the intermediate temper- 
ature be selected so that the two heat engines have 
the same efficiency, assuming Carnot-cycle heat 
engines. 


7.99 A house needs to be heated by a heat pump, with 
j8' = 2.2, and maintained at 20°C at all times. It is 
estimated that it loses 0.8 kW per degree the am- 
bient temperature is lower than 20°C. Assume an 
outside temperature of -10°C and find the needed 
power to drive the heat pump. 

7.100 Consider a combi nation of a gas turbine power plant 
and a steam power plant, as shown in Fig. P7. 4. The 
gas turbine operates at higher temperatures (thus 
called a topping cycle ) than the steam power plant 
(then called a bottom cycle). Assume both cycles 
have a thermal efficiency of 32%. What is the ef- 
ficiency of the overall combination, assuming Q L 
in the gas turbine equals Oh to the steam power 
plant? 

7.101 Wewishtoproducerefrigerationat-30°C.A reser- 
voir, shown in Fig. P7.101, is available at 200°C, 
and the ambient temperature is 30°C. Thus, work 
can be done by a cyclic heat engine operating be- 
tween the 200°C reservoir and the ambient sur- 
roundings. This work is used to drive the refrig- 
erator. Determine the ratio of the heat transferred 
from the 200°C reservoir to the heat transferred 
from the -30°C reservoir, assuming all processes 
are reversible. 
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7.102 A 4L jug of milk at25°C is placed in your refriger- 
ator, where it is cooled down to 5°C. The high tem- 
perature in the Carnot refrigeration cycle is 45°C, 
and the properties of milk are the same as those of 
liquid water. Find the amount of energy that must 
be removed from the milk and the additional work 
needed to drive the refrigerator. 

7.103 An air conditioner with a power input of 1.2 kW 
is working as a refrigerator (j3 = 3) or as a heat 
pump (j8' = 4). it maintains an office at 20°C 
year round, which exchanges 0.5 kW per degree 
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temperature difference with the atmosphere. Find 
the maximum and minimum outside temperatures 
for which this unit is sufficient. 

7.104 M akesomeassumption about the heat transfer rates 
to solve Problem 7.62 when the outdoor tempera- 
ture is -20°C. Hint, look at the heat transfer given 
by Eq. 7.14. 

7.105 Air in a rigid 1 m 3 box is at 300 K and 200 kPa. 
It is heated to 600 K by heat transfer from a re- 
versible heat pump that receives energy from the 
ambient surroundings at 300 K besides the work 
input. Use constant specific heat at 300 K. Since 
the COP changes, write SO =m a \ r C v dT and find 
SI/1/ . Integrate SI/I/ with temperature to find the re- 
quired heat pump work. 

7.106 A combinationof a heat engine driving a heat pump 
(see Fig. P7.106) takes waste energy at 50°C as a 
source 0 wi to the heat engi ne rej ecti ng heat at 30°C . 
The remainder, Q w2 , goes into the heat pump that 
delivers a Oh atl50°C. If the total waste energy is 
5 M W, find the rate of energy delivered at the high 
temperature. 

\ Waste energy 50°C / 


Qwi Qw2 



II Ql Jl Qh 


r~ 30°C~A !t h = 150°C\ FIGURE P7. 106 

7.107 A heat pump heats a house in the winter and then 
reverses to cool it in summer. The interior temper- 
ature should be 20°C in the winter and 25°C in 
the summer. Heat transfer through the walls and 
ceilings is estimated to be 2400 kj per hour per de- 
gree temperature difference between the inside and 
outside. 

a. If the outside winter temperature is 0°C, whatis 
the minimum power required to drive the heat 
pump? 

b. Forthesamepowerasin part(a), whatisthemax- 
imumoutsidesummer tern peratureforwhichthe 
house can be maintained at 25°C? 

7.108 A remote location without electricity operates a re- 
frigerator with a bottle of propane feeding a burner 


to create hot gases. Sketch the setup in terms of 
cyclic devices and give a relation for the ratio of 
Ql in therefigeratorto Ofuei in the burner in terms 
of the various reservoir temperatures. 

7.109 A furnace, shown in Fig. P7.109, can deliver heat, 
Q h i, at T h i, and it is proposed to use thi s to drive a 
heat engi ne w i th a rej ecti on at T atm i n stead of di rect 
room heating. The heat engine drives a heat pump 
that del i vers Q H 2 at T r00 m usi ng the atmosphere as 
the cold reservoi r. F i nd the rati 0 Q H 2 IQ h 1 as a f unc- 
tion of the temperatures. Is this a better setup than 
direct room heating from the furnace? 


Qm 



Aoor 

TV 


Qhz 



7.110 Consider the rock bed thermal storage in Problem 
7.65. Use the specific heat so that you can write 
<5 C?h i n terms of dT rock and find the expression for 
<51/1/ out of the heat engine. Integrate this expres- 
sion over temperature and find the total heat engine 
work output. 

7.111 On a cold (-10°C) winter day, a heat pump pro- 
vides 20 kW to heat a house maintained at 20°C, 
and it hasa COPhp of 4 using the maximum power 
available. The next day, a storm brings the outside 
temperature to -15°C, assume the same COP and 
that the house heat loss is to the oustide air. How 
cold is the house then? 

7.112 A Carnot heat engine operating between high T H 
and low T L energy reservoirs has an efficiency 
given by the temperatures. Compare this to two 
combined heat engines, one operating between T H 
and an intermediate temperature T M giving out 
work 1/1% and the other operating between T M and 
T L giving out 1/1/ s ■ The combination must have the 
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same effi ci ency as the si ngl e heat engine, so the heat 
transfer ratio Q h /Ql =<P(T h Jl) = [Qh/Qm 1 
[Qm /Q l ]- The last two heat transfer ratios can be 
expressed by the same function </>() also involving 
the temperature T M . U se this to show a condition 
the function <j>() must satisfy. 

7.113 A 10 m 3 tank of air at 500 kPa and 600 K acts 
as the high-temperature reservoir for a Carnot heat 


engine that rejects heat at 300 K. A temperature 
difference of 25°C between the air tank and the 
Carnot-cycle high temperature is needed to trans- 
fer the heat. The heat engine runs until the air tem- 
perature has dropped to 400 K and then stops. As- 
sume constant specific heat capacities for air and 
determine how much work is given out by the heat 
engine. 


ENGLISH UNIT PROBLEMS 

C oncept Problems 

7.114E Compare two heat engines receiving thesameQ, 
one at 1400 R and the other at 2100 R, both of 
which reject heat at 900 R. W hich one is better? 

7.115E A car engine takes atmospheric air in at 70 F, no 
fuel, and exhausts the air at 0 F, producing work 
in the process. W hat do the first and second laws 
say about that? 

7.116E If the efficiency of a power plant goes up as the 
low temperature drops, why do they not just reject 
energy at, say, -40 F? 

7.117E If the efficiency of a power plant goes up as the 
low temperature drops, why not let the heat re- 
jection go to a refrigerator at, say, 10 F instead of 
ambient 68 F? 

English Unit Problems 

7.118E A gasoline engine produces 20 hp using 35 Btu/s 
of heat transfer from burning fuel. What is its 
thermal efficiency, and how much power is re- 
jected to the ambient surroundings? 

7.119E Calculate the thermal efficiency of the steam 
power plant described in Problem 6.180. 

7.120E A refrigerator removes 1.5 Btu from the cold 
space using 1 Btu of work input. Flow much en- 
ergy goes into the kitchen, and what is its COP? 

7.121E A coal-fired power plant has an efficiency of 35% 
and produces net 500 M W of electricity. Coal re- 
leases 12 500 Btu/lbm as it burns, so how much 
coal is used per hour? 

7.122E A window air-conditioning unit is placed on a lab- 
oratory bench and tested in cooling mode using 
0.75 Btu/s of electric power with a COP of 1.75. 
What is the cooling power capacity, and what is 
the net effect on the laboratory? 


7.123E A water cooler for drinking water should cool 
1 ft 3 /h water from 65 F to 50 F using a small re- 
frigeration unit with a COP of 2.5. Find the rate of 
cooling required and the power input to the unit. 

7.124E R-410a enters the evaporator (the cold heat ex- 
changer) in an air-conditioning unit at 0 F, x = 
28% and leaves at 0 F, x = 1. The COP of the 
refrigerator is 1.5 and the mass flow rate is 0.006 
Ibm/s. Find the net work input to the cycle. 

7 . 1251 ? A farmer runs a heat pump with a 2 kW motor. 
It should keep a chicken hatchery at 90 F, which 
loses energy at a rate of 10 Btu/s to the colder 
ambient T am b- What is the minimum acceptable 
COP for the heat pump? 

7.126E A large stationary diesel engine produces 20 000 
hp with a thermal efficiency of 40%. The exhaust 
gas, which we assume is air, flows out at 1400 R 
and the intake is 520 R. Flow large a mass flow 
rate is that? Can the exhaust flow energy be used? 

7.127E In a steam power plant 1000 Btu/s is added at 
1200 F in the boiler, 580 Btu/s is taken out at 
100 F in the condenser, and the pump work is 
20 Btu/s. Find the plant's thermal efficiency. As- 
suming the same pump work and heat transfer to 
the boiler asgiven, how much turbinepower could 
be produced if the plant were running in a Carnot 
cycle? 

7.128E Calculate the amount of work inputa refrigerator 
needs to make ice cubes out of a tray of 0.5 I bm 
liquid water at 50 F. Assume the refrigerator has 
p = 3.5 and a motor-compressor of 750 W. FI ow 
much time does it take if this is the only cooling 
load? 

7.129 Calculate the thermal efficiency of a Carnot-cycle 
heat engine operating between reservoirs at 920 F 


ENGLISH UNIT PROBLEMS ■ 277 


and 110 F. Compare the result with that of Prob- 
lem 7.119E. 

7.130E A car engine burns 10 Ibm of fuel (equivalent to 
addition of Q H ) at 2600 R and rejects energy to 
the radiator and the exhaust at an average tem- 
perature of 1300 R. If the fuel provides 17 200 
Btu/lbm, what is the maximum amount of work 
the engine can provide? 

7.131E A large heat pump should upgrade 5000 Btu/s of 
heat at 185 F to be delivered as heat at 300 F. 
What is the minimum amount of work (power) 
input that will drive this? 

7.132E An air conditioner provides 1 Ibm/s of air at 60 F 
cooled from outside atmospheric air at 95 F. 
Estimate the amount of power needed to operate 
the air conditioner. Clearly state all assumptions 
made. 

7.133 A n inventor hasdeveloped a refrigeration unitthat 
maintains the cold space at 14 F while operating 
in a 77 F room. A COP of 8.5 isclaimed. How do 
you evaluate this claim? 

7.134 1 We propose to heat a house in the winter with a 
heat pump. The house is to be maintained at 68 F 
at all times. When the ambient temperature out- 
side drops to 15 F, the rate at which heat is lost 
from the house is estimated to be 80 000 Btu/h. 
What is the minimum electrical power required 
to drive the heat pump? 

7.135! Thermal storage is made with a rock (granite) bed 
of 70 ft 3 , which is heated to 720 R using solar en- 
ergy. A heat engine receives Q H from the bed and 
rejects heat to the ambient at 520 R. The rock bed 
therefore cools down, and as it reaches 520 R the 
process stops. Find the energy the rock bed can 
give out. What is the heat engine efficiency at the 
beginning of the process, and what is itat the end 
of the process? 

7.136 A heat engine has a solar collector receiving 600 
Btu/h per squarefootinsidewhich atransfermid- 
i um i s heated to 800 R . T he col I ected energy pow - 
ers a heat engine that rejects heat at 100 F. If the 
heat engine should del iver 8500 Btu/h, whatisthe 
minimum size (area) of the solar collector? 

7.137E Liquid sodium leaves a nuclear reactor at 1500 F 
and is used as the energy source in a steam power 
plant. The condenser cooling water comes from 
a cooling tower at 60 F. Determine the maximum 


thermal efficiency of the power plant. Is it mis- 
leading to use the temperatures given to calculate 
this value? 

7.138E A 600 pound-mass per hour of water runsthrough 
a heat exchanger, entering as saturated liquid at 
30 lbf/in. 2 and leaving as saturated vapor. The 
heat is supplied by a Carnot heat pump operating 
from a low-temperature reservoirat 60 F. Find the 
rate of work i nto the heat pump. 

7.139L A power plant with a thermal efficiency of 40% 
is located on a river similar to the arrangement 
in Fig. P7.67. With a total river mass flow rate of 
2 x 10 5 Ibm/s at 60 F, find the maximum power 
production allowed if the river water should not 
be heated more than 2 F. 

7.140 A house is heated by an electric heat pump us- 
ing the outside as the low-temperature reservoir. 
For several different winter outdoor temperatures, 
estimate the percent savings in electricity if the 
house is kept at 68 F instead of 75 F. Assume 
that the house is losing energy to the outside in 
d i rect pro po rti o n to the tern peratu re d i ff erence as 
0 loss = K(T h -T l ). 

7.141 A car engine operates with a thermal efficiency of 
35%. Assume the air conditioner has a COP that 
is one-third the theoretical maximum and is me- 
chanically pulled by the engine. How much extra 
fuel energy should you spend to remove 1 Btu at 
60 F when the ambient temperature is 95 F? 

7.142 A heat pump cools a house at 70 F with a maxi- 
mum of 4000 Btu/h power input. The house gains 
2000 Btu/h per degree temperature difference to 
the ambient, and the refrigerator’s COP is 60% 
of the theoretical maximum. Find the maximum 
outside temperature for which the heat pump pro- 
vides sufficient cooling. 

7.143C A house is cooled by an electric heat pump using 
the outside as the high-temperature reservoi r. For 
several different summer outdoor temperatures, 
estimate the percent savings in electricity if the 
house is kept at 77 F instead of 68 F. Assume that 
the house is gaining energy from the outside in 
direct proportion to the temperature difference. 

7.144: Carbon dioxide is used in an ideal-gas refrigera- 
tion cycle, the reverse of Fig. 7.24. Heat absorp- 
tion is at 450 R and heat rejection is at 585 R, 
where the pressure changes from 180 to 360 psia. 
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Find the refrigeration COP and the specific heat 
transfer at the low temperature. 

7.145:; Air in a piston/cylinder goes through a Carnot cy- 
cle with the P-v diagram shown in Fig. 7.24. The 
high and low temperatures are 1200 Ft and 600 R , 
respectively. The heat added at the high tempera- 
ture is 100 Btu/lbm, and the lowest pressure in the 
cycle is 10 lbf/in. 2 . Find the specific volume and 
pressure at all four states in the cycle, assuming 
constant specific heats at 80 F. 

7.146c We wish to produce refrigeration at -20 F. A 
reservoir is available at 400 F and the ambient 
temperature is 80 F, as shown in Fig. P7. 101. Thus, 
work can be done by a cyclic heat engine oper- 
ating between the 400 F reservoir and the ambi- 
ent. This work is used to drive the refrigerator. 
Determine the ratio of the heat transferred from 
the 400 F reservoir to the heat transferred from 
the -20 F reservoir, assuming all processes are 
reversible. 


7.147E M ake some assumptions about the heat transfer 
rates to solve Problem 7.134 when the outdoor 
temperature is 0 F. Hint : look at the heat transfer 
given by Eq. 7.14. 

7.14817 A i r i n a ri gi d 40 ft 3 box i s at 540 R , 30 1 bf/i n. 2 It is 
heated to 1100 R by heat transfer from a reversible 
heat pump that receives energy from the ambient 
at 540 R besi des the work i nput. U se constant spe- 
cific heat at 540 R. SincetheCOP changes, write 
SQ =m a \ r C v dT and find 51/1/ . Integrate 31/1/ with 
temperature to find the required heat pump work. 

7.149 A 350 ft 3 tank of air at 80 I bf/i n. 2 , 1080 R acts as 
the high-temperature reservoir for a Carnot heat 
engine that rejects heat at 540 R. A temperature 
difference of 45 F between the air tank and the 
Carnot-cycle high temperature is needed to trans- 
fer the heat. T he heat engi ne runs unti I the ai r tem- 
perature drops to 700 R and then stops. Assume 
constant specific heat capacities for air, and find 
how much work is given out by the heat engine. 


Entropy 



Up to this point in our consideration of the second law of thermodynamics, we have dealt 
only with thermodynamic cycles. A Ithough this is a very important and useful approach, 
we are often concerned with processes rather than cycles. Thus, we might be interested in 
the second-law analysis of processes we encounter daily, such as the combustion process 
in an automobile engine, the cooling of a cup of coffee, or the chemical processes that 
take place in our bodies. It would also be beneficial to be able to deal with the second law 
quantitatively as well as qualitatively. 

In our consideration of the first law, we initially stated the law in terms of a cycle, but 
we then defined a property, the internal energy, that enabled us to use the first law quantita- 
tively for processes. Similarly, we have stated the second law for a cycle, and we now find 
that the second law leads to a property, entropy, that enables us to treat the second law quan- 
titatively for processes. Energy and entropy are both abstract concepts that help to describe 
certain observations. As we noted in Chapter 2, thermodynamics can be described as the 
science of energy and entropy. The significance of this statement will become increasingly 
evident. 


8.1 THE INEQUALITY OF CLAUSIUS 


The fist step in our consideration of the property we cal I entropy is to establish the nequality 
of Clausius, which is 



The inequality of Clausius is a corollary or a consequence of the second law of thermody- 
namics. It will be demonstrated to be valid for all possible cycles, including both reversible 
and irreversible heat engines and refrigerators. Sinceany reversible cycle can be represented 
by a series of Carnot cycles, in this analysis we need consider only a Carnot cycle that leads 
to the inequality of Clausius. 

Consider first a reversible (Carnot) heat engine cycle operating between reservoirs at 
temperatures T H and T L , as shown in Fig. 8.1. For this cycle, the cyclic integral of the heat 
transfer, <f 8Q , is greater than zero. 


8Q =Q H - Q L > 0 


Since T h and T L are constant, from the definition of the absolute temperature scale 
and from the fact that this is a reversible cycle, it follows that 
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Th 


FIGURE 8.1 

Reversible heat engine 
cycle for demonstration 
of the inequality of 
Clausius. 



If <f 8Q , the cyclic integral of <50 , approaches zero (by making T H approach TJ and 
the cycle remains reversible, the cyclic integral of SQ /T remains zero. Thus, we conclude 
that for all reversible heat engine cycles 


and 


<50 > 0 


^ = 0 
T 


Now consider an irreversible cyclic heat engine operating between the same T H andTt. 
as the reversible engine of Fig. 8.1 and receiving the same quantity of heatOr/- Comparing 
the irreversible cycle with the reversible one, we conclude from the second law that 


1/1/ irr < 1/1/ rev 


Since Qh -Or = 1/1/ for both the reversible and irreversible cycles, we conclude that 

0 H — 0 L irr < 0 H — 0 L rev 


and therefore 


0 L irr > 0 L rev 

Consequently, for the irreversible cyclic engine, 

SO = 0 H — 0 L irr >0 

<50 Oh 0 L irr n 
' I H I L 

Suppose that we cause the engine to become more and more irreversible but keep 
Oh , T h , and T L fixed. The cyclic integral of SQ then approaches zero, and that for <50 /T 
becomes a progressively larger negative value. In the limit, as the work output goes to zero, 
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Thus, we conclude that for all irreversible heat engine cycles 




50 




w 

T 


> 0 
< 0 


To complete the demonstration of the inequality of Clausius, we must perform sim- 
ilar analyses for both reversible and irreversible refrigeration cycles. For the reversible 
refrigeration cycle shown in Fig. 8.2, 


and 



= -0 H + 0 L < o 


Oh 

T h 



As the cyclic integral of SQ approaches zero reversibly (T H approaches T L ), the cyclic 
integral of <50 /T remains at zero. In the limit, 



Thus, for all reversible refrigeration cycles, 




80 


< 0 





Finally, let an irreversible cyclic refrigerator operate between temperatures T H and 
T l and receive the same amount of heat Ol as the reversible refrigerator of Fig. 8.2. From 
the second law, we conclude that the work input required will be greater for the irreversible 
refrigerator, or 


1/1/ irr > Wrev 


Since Oh - Ol =1/1/ for each cycle, it follows that 


Oh irr — 0 L > 0 H rev - 0 L 


FIGURE 8.2 

Reversible refrigeration 
cycle for demonstration 
of the inequality of 
Clausius. 


T h 

Oh 


O 

Ol 


T l 
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and therefore, 


0 H irr > 0 H rev 

That is, the heat rejected by the irreversible refrigerator to the high-temperature reservoir 
is greater than the heat rejected by the reversible refrigerator. Therefore, for the irreversible 
refrigerator, 


f 


so 

S A 

T 


-0 H irr 

0 H irr 

“TT 


+ Ol < o 



As we make this machine progressively more irreversible but keep Ol, Th, and T L 
constant, the cyclic integrals of SQ and 8Q /T both become larger in the negative direction. 
Consequently, a limiting case as the cyclic integral of SQ approaches zero does not exist 
for the irreversible refrigerator. 

Thus, for ail irreversible refrigeration cycles, 


f 

I 


so <0 



Summarizing, we note that, in regard to the sign of § SQ , we have considered all 
possible reversible cycles (i.e., <f 8Q ^ 0), and for each of these reversible cycles 



We have also considered all possible irreversible cycles for the sign of § SQ (i .&,§ SQ ^ 0), 
and for all these irreversible cycles 



Thus, for all cycles we can write 

^ y -<0 ( 8 . 1 ) 

where the equality holds for reversible cycles and the inequality for irreversible cycles. This 
relation, Eq. 8.1, is known asth einequality of Clausius. 

The significance of the inequality of Clausius may be illustrated by considering the 
simple steam power plant cycle shown in Fig. 8.3. This cycle is slightly different from the 
usual cycle for steam power plants in that the pump handles a mixture of liquid and vapor 
in such proportions that saturated liquid leaves the pump and enters the boiler. Suppose that 
someone reports that the pressure and quality at various points in the cycle are as given in 
Fig. 8.3. Does this cycle satisfy the inequality of Clausius? 

FI eat is transferred in two places, the boiler and the condenser. Therefore, 



condenser 
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Saturated vapor, 0.7 MPa 



Since the temperature remains constant in both the boiler and condenser, this may be 
integrated as follows: 


SQ 1 f 2 n 1 C 4 „ iQ 2 3 Q 4 

T = W = TT + TT 

Let us consider a 1 kg mass as the working fluid. We have then 


i q 2 = h 2 -h i = 2066.3 kj/kg, T 1 = 164.97 C 

3 q 4 = h 4 -h 3 = 463.4 - 2361.8 = -1898.4 kj /kg, T 3 = 53.97"C 


Therefore, 




so 

T 


2066.3 1898.4 

164.97 + 273.15 ~ 53.97 + 273.15 


-1.087 kj/kg K 


Thus, this cycle satisfies the inequality of Clausius, which is equivalent to saying that it 
does not violate the second law of thermodynamics. 

In-Text Concept Questions 

a. Does Clausius say anything about the sign for <f8Q? 

b. D oes the statement of C I ausi us requi re a constant T for the heat transfer as i n a C arnot 
cycle? 


8.2 


ENTROPY— A PROPERTY OF A SYSTEM 


By applying Eq. 8.1 and Fig. 8.4, wecan demonstrate that thesecond law of thermodynamics 
leads to a property of a system that we call entropy. Let a system (control mass) undergo 
a reversible process from state 1 to state 2 along a path 4, and let the cycle be completed 
along path B, which is also reversible. 
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FIGURE 8.4 Two 

reversible cycles 
demonstrating that 
entropy is a property of a 
substance. 



Because this is a reversible cycle, we can write 



N ow consider another reversible cycle, which proceeds first along path C and is then com- 
pleted along path B. For this cycle we can write 



Subtracting the second equation from the first, we have 



TnexhoNet 


Sine ef8Q/T is the same for all reversible paths between states 1 and 2, we conclude that 
this quantity is independent of the path and is a function of the end states only; it is therefore 
a property. This property is called entropy and is designated S. It follows that entropy may 
be defined as a property of a substance in accordance with the relation 


dS = 



( 8 . 2 ) 


Entropy is an extensive property, and the entropy per unit mass is designated s. It is 
important to note that entropy is defined here in terms of a reversible process. 

The change in the entropy of a system as it undergoes a change of state may be found 
by integrating Eq. 8.2. Thus, 


S 2 -S 1 



(8.3) 


To perform this integration, we must know the relation between T and Q, and illustrations 
will be given subsequently. The important point is that since entropy is a property, the 
change in the entropy of a substance in going from one state to another is the same for all 
processes, both reversible and irreversible, between these two states. Equation 8.3 enables 
us to find the change in entropy only along a reversible path. However, once the change has 
been evaluated, this value is the magnitude of the entropy change for all processes between 
these two states. 

Equation 8.3 enables us to calculate changes of entropy, but it tells us nothing about 
absolute values of entropy. From the third law of thermodynamics, which is based on 
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observations of low-temperature chemical reactions, it is concluded that the entropy of all 
pure substances (in the appropriate structural form) can be assigned the absolute value 
of zero at the absolute zero of temperature. It also follows from the subject of statistical 
thermodynamics that all pure substances in the (hypothetical) ideal-gas state at absolute 
zero temperature have zero entropy. 

However, when there is no change of composition, as would occur in a chemical 
reaction, for exam pie, it is quite adequate to give values of entropy relative to some arbitrarily 
selected reference state, such as was done earlier when tabulating values of internal energy 
and enthalpy. In each case, whatever reference value is chosen, it will cancel out when the 
change of property is calculated between any two states. This is the procedure followed 
with the thermodynamic tables to be discussed in the following section. 

A word should be added here regarding the role of T as an integrating factor. We 
noted in Chapter 4 that Q is a path function, and therefore SQ in an inexact differential. 
However, since [SQ / T ) rev is a thermodynamic property, it is an exact differential. From 
a mathematical perspective, we note that an inexact differential may be converted to an 
exact differential by the introduction of an integrating factor. Therefore, 1/T serves as the 
integrating factor in converting the inexact differential SQ to the exact differential SQ /T 
fora reversible process. 


8.3 


THE ENTROPY OF A PURE SUBSTANCE 


Entropy is an extensive property of a system. Values of specific entropy (entropy per unit 
mass) are given in tables of thermodynamic properties in the same manner as specific 
volume and specific enthalpy. The units of specific entropy in the steam tables, refrigerant 
tables, and ammonia tables are kj /kg K, and the values are given relative to an arbitrary 
reference state. In the steam tables the entropy of saturated liquid at 0.01°C is given the 
value of zero. For many refrigerants, the entropy of saturated liquid at -40°C is assigned 
the value of zero. 

In general, we use the term entropy to refer to both total entropy and entropy per unit 
mass, since the context or appropriate symbol will clearly indicate the precise meaning of 
the term. 

In the saturation region the entropy may be calculated using the quality. The relations 
are similar to those for specific volume, internal energy and enthalpy. 


s = (1 - x)s f +xs g 

5=5f+XSfg (8.4) 

The entropy of a compressed liquid is tabulated in the same manner as the other 
properties. These properties are primarily a function of the temperature and are not greatly 
different from those for saturated liquid at the same temperature. Table 4 of the steam tables, 
which is summarized in Table B .1.4, give the entropy of compressed liquid water in the 
same manner as for other properties. 

The thermodynamic properties of a substance are often shown on a temperature- 
entropy diagram and on an enthalpy- entropy diagram, which is also called a M oilier 
diagram, after Richard M oilier (1863-1935) of Germany. Figures 8.5 and 8.6 show the 
essential elements of temperature- entropy and enthalpy- entropy diagrams for steam. 
The general features of such diagrams are thesamefor all pure substances. A morecomplete 
temperature- entropy diagram for steam isshown in Fig. E.l in Appendix E. 
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FIGURE 8.5 

Temperature-entropy 
diagram for steam. 



These diagrams are valuable both because they present thermodynamic data and 
because they enable us to visualize the changes of state that occur in various processes. 
As our study progresses, the student should acquire facility in visualizing thermodynamic 
processes on these diagrams. The temperature-entropy diagram is particularly useful for 
this purpose. 

For most substances, the difference in the entropy of a compressed liquid and a 
saturated liquid at the same temperature is so small that a process in which liquid is heated 
at constant pressure nearly coincides with the saturated-liquid line until the saturation 
temperature is reached (Fig. 8.7). Thus, if water at 10 M Pa is heated from 0°C to the 
saturation temperature, it would be shown by line A BD , which coincides with the saturated- 
liquid line. 


FIGURE 8.6 

Enthalpy-entropy 
diagram for steam. 



Entropy, kj/kg K 
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s 


(a) 


FIGURE 8.7 

Temperature-entropy 
diagram showing 
properties of a 
compressed liquid, 
water. 



(b) 


8.4 


ENTROPY CHANGE IN REVERSIBLE PROCESSES 


Having established that entropy is a thermodynamic property of a system, we now consider 
its significance in various processes. In this section we will limit ourselves to systems 
that undergo reversible processes and consider the Carnot cycle, reversible heat-transfer 
processes, and reversible adiabatic processes. 

Let the working fluid of a heat engine operating on the Carnot cycle make up the 
system. The first process is the isothermal transfer of heat to the working fluid from the 
high-temperature reservoir. For this process we can write 


S 2 -S! 



rev 


Since this is a reversible process in which the temperature of the working fluid remains 
constant, the equation can be integrated to give 


S2-S1 


1 



so 


1O2 

Th 
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This process is shown in Fig. 8.8a, and the area under line 1-2, area 1-2-b-a-l, represents 
the heat transferred to the working fluid during the process. 

The second process of a Carnot cycle is a reversible adiabatic one. From the definition 
of entropy, 



it is evident that the entropy remains constant in a reversible adiabatic process. A constant- 
entropy process is called an isentropic process. Line 2-3 represents this process, and this 
process is concluded at state 3 when the temperature of the working fluid reaches T L . 

The third process is the reversible isothermal process in which heat is transferred 
from the working fluid to the low -temperature reservoir. For this process we can write 



Because during this process the heat transfer is negative (in regard to the working fluid), 
the entropy of the working fluid decreases. M oreover, because the final process 4-1, which 
completes the cycle, is a reversible adiabatic process (and therefore isentropic), it is evident 
that the entropy decrease in process 3-4 must exactly equal the entropy increase in process 
1-2. The area under line 3-4, area 3-4-a-b-3, represents the heat transferred from the 
working fluid to the low-temperature reservoir. 

Since the net work of the cycle is equal to the net heat transfer, area 1-2-3-4-1 must 
represent the net work of the cycle. The efficiency of the cycle may also be expressed in 
terms of areas: 

_ _ areal-2-3-4-1 

,?th _ Oh ~ area 1-2-b-a-l 

Some statements made earlier about efficiencies may now be understood graphically. For 
example, increasing T H while Tj. remains constant increases the efficiency. Decreasing T L 
while T h remains constant increases the efficiency. It is also evident that the efficiency 
approaches 100% as the absolute temperature at which heat is rejected approaches zero. 

If the cycle is reversed, we have a refrigerator or heat pump. The Carnot cycle for a 
refrigerator is shown in Fig. 8.8b. Notice that the entropy of the working fluid increases at 
T l , si nee heat is transferred to the working fluid at T L . The entropy decreases at T H because 
of heat transfer from the working fluid. 

Let us next consider reversible heat-transfer processes. Actually, we are con- 
cerned here with processes that are internally reversible, that is, processes that have no 


FIGURE 8.8 The 

Carnot cycle on the 

temperature-entropy 

diagram. 


1 t h 2 
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(a) 


4 t h 3 



a b S 

(b) 
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irreversibilities within the boundary of the system. For such processes the heat transfer to 
or from a system can be shown as an area on a temperature- entropy diagram. For example, 
consider the change of state from saturated liquid to saturated vapor at constant pressure. 
This process would correspond to process 1-2 on the T-s diagram of Fig. 8.9 (note that 
absolute temperature is required here), and area 1-2-b-a-l represents the heat transfer. 
Since this is a constant-pressure process, the heat transfer per unit mass is equal to h fg . 
Thus, 



This relation gives a clue about how Sf g is calculated for tabulation in tables of thermo- 
dynamic properties. For example, consider steam at 10 M Pa. From the steam tables we 
have 


hfg = 1317.1 kj /kg 
T = 311.06 + 273.15 = 584.21 K 


Therefore, 



This is the value listed forsfg in the steam tables. 

If heat is transferred to the saturated vapor at constant pressure, the steam is super- 
heated along line 2-3. For this process we can write 



SinceT is not constant, this equation cannot be integrated uni ess we know a relation between 
temperature and entropy. However, we do realize that the area under line 2-3, area2-3-c- 
b- 2, represents / 2 3 T ds and therefore represents the heat transferred during this reversible 
process. 

The important conclusion to draw here is that for processes that are internally re- 
versible, the area underneath the process line on a temperature-entropy diagram represents 
the quantity of heat transferred. This is not true for irreversible processes, as will be demon- 
strated later. 


T 



/ 


FIGURE 8.9 A 


temperature-entropy 
diagram showing areas 
that represent heat 
transfer for an internally 
reversible process. 
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EXAMPLE 8.1 


FIGURE 8.10 

Diagram for Example 8.1 . 


EXAMPLE 8.2 


Consider a Carnot-cycle heat pump with R-134a as the working fluid. Heat is absorbed 
i nto the R -134a atO°C, during which process it changes from a two-phase state to saturated 
vapor. The heat is rejected from the R-134a at60°C and ends up as saturated liquid. Find 
the pressure after compression, before the heat rejection process, and determine the COP 
for the cycle. 

Solution 

From the definition of the Carnot cycle, we have two constant-temperature (isothermal) 
processes that involve heat transfer and two adiabatic processes in which the temperature 
changes. The variation in s follows from Eq. 8.2: 

ds = Sq/T 

and the Carnot cycle is shown in Fig. 8.8 and for this case in Fig. 8.10. We therefore have 
State 4 Table B. 5.1: s 4 = S3 = Sf@60deg = 1.2857 kj /kg K 

State 1 Table B. 5.1: Si = S2 = s g @odeg = 1.7262 kj /kg K 

State 2 Table B. 5. 2: 60 C, s 2 = Si = s g @odeg 




Interpolate between 1400 kPa and 1600 kPa in Table B. 5. 2: 

1 7 ')£'■) 1 TTC 

P 2 = 1400 + (1600 - 1400) = 1487.1 kPa 

1.7135 - 1.736 


From the fact that it is a Carnot cycle the COP becomes, from Eq. 7.13, 


B' = — = Th 
Win Th — Tl 


333.15 

60 


= 5.55 


Remark. Notice how much the pressure varies during the heat rejection process. Because 
this process is very difficult to accomplish in a real device, no heat pump or refrigerator 
is designed to attempt to approach a Carnot cycle. 


A cylinder/piston setup contains 1 L of saturated liquid refrigerant R-410a at 20°C. 
The piston now slowly expands, maintaining constant temperature to a final pressure of 
400 kPa in a reversible process. Calculate the work and heat transfer required to accom- 
plish this process. 
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Solution 


C.V. The refrigerant R-410a, which is a control mass 

Continuity Eq.: m 2 = mi = m 

Energy Eq. 5.11: m{u 2 - u 2 ) = 1 Q 2 - 1 W 2 


Entropy Eq. 8.3: 


m(s 2 - 



Process: T = contant, reversible, so equal sign applies in entropy equation 

State 1 (T, P) Table B. 4.1: u 2 = 87.94 kj /kg, si = 3357 kj /kg K 


m = V/v 1 = 0.001/0.000923 = 1.083 kg 
State 2 (T, P) Table B. 4.2: u 2 = 276.44 kj /kg, s 2 — 1.2108 kj /kg K 


/4s T is constant, we have f SQ /T = iQ 2 /T , so from the entropy equation: 

1 Q 2 = mT(s 2 - Si) = 1.083 x 293.15 x (1.2108 - 0.3357) = 277.8 kj 

The work is then, from the energy equation, 

1 I/I /2 = m(u 1 -u 2 ) + i0 2 = 1.083 x (87.94 - 276.44) + 277.8 = 73.7 kj 

Note from Fig. 8.11 that it would be difficult to calculate the work as the area i n the P - v dia- 
gram due to the shape of the process curve. The heat transfer is the area in the T-s diagram. 


FIGURE 8.11 

Diagram for Example 8.2. 




In-Text Concept Questions 

c. How can you changes of a substance going through a reversible process? 

d. A reversible process adds heat to a substance. If T is varying, does that influence the 
change in s? 

e. Water at 100 kPa, 150°C receives 75 kj/kg in a reversible process by heat transfer. 
Which process changes s the most: constant T, constant v, or constant P? 


8.5 


THE THERMODYNAMIC PROPERTY RELATION 


At this point we derive two important thermodynamic relations for a simple compressible 
substance. These relations are 


T dS = dU + P dV 
T dS = dH -V dP 
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The first of these relations can be derived by considering a simple compressible 
substance in the absence of motion or gravitational effects. The first law for a change of 
state under these conditions can be written 

8Q =dU + 51/1/ 

The equations we are deriving here deal first with thechangesof state in which the state 
of the substance can be identified at all times. Thus, we must consider a quasi-equilibrium 
process or, to use the term introduced in the previuos chapter, a reversible process. For a 
reversible process of a simple compressible substance, we can write 

SO = TdS and SW = P dV 

Substituting these relations into the first-law equation, we have 

T dS = dU + P dV (8.5) 

which is the first equation we set out to derive. Note that this equation was derived by 
assuming a reversible process. This equation can therefore be integrated for any reversible 
process, for during such a process the state of the substance can be identified at any point 
during the process. We also note that Eq. 8.5 deals only with properties. Suppose we have 
an irreversible process taking place between thegiven initial and final states. The properties 
of a substance depend only on the state, and therefore the changes in the properties during 
a given change of state are the same for an irreversible process as for a reversible process. 
Therefore, Eq. 8.5 is often applied to an irreversible process between two given states, 
but the integration of Eq. 8.5 is performed along a reversible path between the same two 
states. 

Since enthalpy is defined as 


H — U + P V 


it follows that 


dH =dU + P dV +V dP 

Substituting this relation into Eq. 8.5, we have 

T dS = dH -V dP (8.6) 

which is the second relation that we set out to derive. These two expressions, Eqs. 8.5 and 
8.6, are two forms of the thermodynamic property relation and are frequently called Gibbs 
equations. 

These equations can also be written for a unit mass: 

T ds = du + P dv (8.7) 

Tds = dh-vdP (8.8) 

The Gibbs equations will be used extensively in certain subsequent sections of this book. 

If we consider substances of fixed composition other than a simple compressible sub- 
stance, we can write “T dS " equations other than those just given fora simple compressible 
substance. In Eq. 4.15 we noted that for a reversible process we can write the following 
expression for work: 

SW = P dV -?TdL -ifdA -%dZ + ■■■ 
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1 1 fol I ows that a more general expression for the thermodynamic property relation would be 
T dS = dU + P dV - 9~dl - & > dA—%dZ-\ (8.9) 


8.6 


ENTROPY CHANGE OF A SOLID OR LIQUID 


in Section 5.6 we considered the calculation of the internal energy and enthalpy changes 
with temperature for solids and liquids and found that, in general, it is possible to express 
both in terms of the specific heat, in the simple manner of Eq. 5.17, and in most instances in 
the integrated form of Eq. 5.18. We can now use this result and the thermodynamic property 
relation, Eq. 8.7, to calculate the entropy change for a solid or liquid. Note that for such a 
phase the specific volume term in Eq. 8.7 is very small, so that substituting Eq. 5.17 yields 


ds ~ 


du 

T 



( 8 . 10 ) 


Now, as was mentioned in Section 5.6, for many processes involving a solid or liquid, we 
may assume that the specific heat remains constant, in which caseEq. 8.10 can be integrated. 
The result is 


S2 - Si ~ C In — (8.11) 

T i 

If the specific heat is not constant, then commonly C is known as a function of T , in which 
case Eq. 8.10 can also be integrated to find the entropy change. Equation 8.11 illustrates 
what happens in a reversible adiabatic (dq = 0) process, which therefore is isentropic. In 
this process, the approximation of constant v leads to constant temperature, which explains 
why pumping liquid does not change the temperature. 


EXAMPLE 8.3 One kilogram of liquid water is heated from 20°C to 90°C. Calculate the entropy change, 
assuming constant specific heat, and compare the result with that found when using the 
steam tables. 


Control mass: 
Initial and final states: 

M odel : 


Water. 

Known. 

Constant specific heat, value at room temperature. 


Solution 

For constant specific heat, from Eq. 8.11, 

s 2 — Si = 4.184 In = 0.8958 kj /kg K 

Comparing this result with that obtained by using the steam tables, we have 

S 2 — Si = s f g 0 ° c — s f 2 o°c = 1-1925 — 0.2966 

= 0.8959 kj /kg K 
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8.7 


ENTROPY CHANGE OF AN IDEAL GAS 


Two very useful equationsforcomputingtheentropy changeof an ideal gascan bedeveloped 
from Eq. 8.7 by substituting Eqs. 5.20 and 5.24: 


T ds = du + P dv 


For an ideal gas 


Therefore, 


Similarly, 


For an ideal gas 


Therefore, 


P R 

du = C v0 dT and — = — 


ds = C„o — 


dT R dv 


T v 


f! 


S2 - Si = / C 1,0-7- + R In — 

I Vi 


T ds = dh -vdP 


dh =C podT and — = — 


. „ dT dP 

ds =C p 0 — - R — 


T 


( 8 . 12 ) 


(8.13) 


(8.14) 


r 2 dT Pi 

S2-Si = J C p0 — -fi ln^ (8.15) 

To integrate Eqs. 8.13 and 8.15, we must know the temperature dependence of the 
specific heats. However, if we recall that their difference is always constant, as expressed 
by Eq. 5.27, we realize that we need to examine the temperature dependence of only one of 
the specific heats. 

As in Section 5.7, let us consider the specific heatC p0 . Again, there are three possi- 
bilities to examine, the simplest of which is the assumption of constant specific heat. In this 
instance it is possible to integrate Eq. 8.15 directly to 

S2-Si = C p0 ln^-- R ln^ 

<1 Pi 

Similarly, integrating Eq. 8.13 for constant specific heat, we have 


(8.16) 
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EXAMPLE 8.4 


The second possibility for the specific heat is to use an analytical equation for C p o as a 
function of temperature, for example, one of those listed in Table A .6. The third possibility 
is to integrate the results of the calculations of statistical thermodynamics from reference 
temperature T 0 to any other temperature T and define the standard entropy 


s 


o 

T 




(8.18) 


This function can then be tabulated in the single-entry (temperature) ideal -gas table, as for 
air in Table A ,7(F.5) or for other gases in Table A ,8(F.6). The entropy change between any 
two states 1 and 2 is then given by 


s 2 —Si = (s? 2 -s pl ) — R In ^ (8.19) 

ri 

As with the energy functions discussed in Section 5.7, the ideal-gas tables, Tables 
A. 7 and A .8, would give the most accurate results, and the equations listed in Table A .6 
would give a close empirical approximation. Constant specific heat would be less accurate, 
except for monatomic gases and for other gases below room temperature. Again, it should 
be remembered that all these results are part of the ideal-gas model, which may or may not 
be appropriate in any particular problem. 


Consider Example 5. 7, in which oxygen is heated from 300 to 1500 K . Assume that during 
this process the pressure dropped from 200 to 150 kPa. Calculate the change in entropy 
per kilogram. 


Solution 

The most accurate answer for the entropy change, assuming ideal-gas behavior, would be 
found from the ideal-gas tables, Table A .8. This result is, using Eq. 8.19, 


s 2 - Si = (8.0649 - 6.4168) - 0.2598 In 


150 \ 
200 / 


= 1.7228 kj /kg K 


The empirical equation from Table A .6 should give a good approximation to this result. 
Integrating Eq. 8.15, we have 


s 2 - Si 


s 2 - Si 


[ T > cfT n . P 2 

A c "°t~ ~ R " pt 

[ 0.88 In 9 - 0.00010 + 


0.54 

~ 2 ~ 


033 

T 


e 2 -^e 3 


02 = 1.5 

01 = 0.3 


-0.2598 In 


150 \ 
200 ) 


= 1.7058 kj /kg K 
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EXAMPLE 8.5 


which is within 1.0% of the previous value. For constant specific heat, using the value at 
300 K from Table A. 5, we have 


/1500\ 

S2 - Sl = °- 922ln (w) 

= 1.5586 kj /kg K 


- 0.2598 In 


150 \ 

200 J 


which is too low by 9.5%. If, however, we assume that the specific heat is constant at its 
value at 900 K, the average temperature, as in Example 5.7, is 

s 2 - Si = 1.0767 In + 0 - 0747 = 1-8076 kj /kg K 

which is high by 4.9%. 


Calculate the change in entropy per kilogram as air is heated from 300 to 600 K while 
pressure drops from 400 to 300 kPa. A ssume: 

1. Constant specific heat. 

2. Variable specific heat. 

Solution 

1. From Table A .5 for air at 300 K, 

C p o = 1.004 kj /kg K 
Therefore, using Eq. 8.16, we have 

S 2 - S! = 1.004 In - 0.287 In ( ^ = 0.7785 kj /kg K 

2. FromTableA.7, 

= 6.8693 kj /kg K, 
s° T2 = 7.5764 kj /kg K 

Using Eq. 8.19 gives 

s 2 - Si = 7.5764 - 6.8693 - 0.287 In ( = 0.7897 kj /kg K 


Let us now consider the case of an ideal gas undergoing an isentropic process, a 
situation that is analyzed frequently. We conclude that Eq. 8.15 with the left side of the 
equation equal to zero then expresses the relation between the pressure and temperature at 
the initial and final states, with the specific relation depending on the nature of the specific 
heat as a function of T. As was discussed following Eq. 8.15, there are three possibilities 
to examine. Of these, the most accurate is the third, that is, the ideal-gas Tables A ,7(F.5) 
or A.8(F.6) and Eq. 8.19, with the integrated temperature function s° defined by Eq. 8.18. 
The following example illustrates the procedure. 
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EXAMPLE 8.6 


One kilogram of air is contained in a cylinder fitted with a piston at a pressure of 400 
kPa and a temperature of 600 K . The air is expanded to 150 kPa in a reversible adiabatic 
process. Calculate the work done by the air. 


Control mass: 
Initial state: 
Final state: 
Process: 
M odel : 


Air. 

Pi, T i; state 1 fixed. 

Pi- 

Reversible and adiabatic. 

Ideal gas and air tables, Table A. 7. 


Analysis 

From the first law we have 


The second law gives us 


0 = U2 - Ui + w 


S2 =Si 


Solution 


From Table A .7, 

From Eg. 8.19, 


From Table A .7, 

Therefore, 


Ui = 435.10 kj /kg, s®! = 7.5764 kj /kg K 

S 2 - Si = 0 = (Sj 2 - s°i) - R In y- 

= (s° 2 - 7.5764) - 0.287 In (^§§) 
s ®2 = 7.2949 kj /kg K 

Ti — 457 K , u 2 = 328.14 kj /kg 

iv = 435.10 - 328.14 = 106.96 kj /kg 


The first of the three possibilities, constant specific heat, is also worth analyzing as a 
special case. In this instance, the result is Eq. 8.16 with the left side equal to zero, or 

S 2 - Si = 0 = C p o In — R In ^ 
i i Pi 

This expression can also be written as 
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or 


However, 


T_i (Pi 
Ti ' 


R /C p 


R 

C p o 


p 0 — L vO 


k - 1 


C po k 

where k, the ratio of the specific heats, is defined as 

k = C jA 

c vO 

Equation (8.20) is now conveniently written as 

~ = ( 

Ti \Pi, 

From this expression and the ideal-gas equation of state, it also follows that 

k—l 


[k-l )/k 


and 


T_2 

T i ' 

Pi 

Pi 


From this last expression, we note that for this process 

Pv k = constant 


( 8 . 20 ) 

( 8 . 21 ) 

( 8 . 22 ) 

(8.23) 

(8.24) 

(8.25) 

(8.26) 


This is a special case of a polytropic process in which the polytropic exponent/! is equal to 
the specific heat ratio k. 


8.8 


THE REVERSIBLE POLYTROPIC PROCESS 
FOR AN IDEAL GAS 


When a gas undergoes a reversible process in which there is heat transfer, the process 
frequently takes place in such a manner that a plot of log P versus log V is a straight line, 
as shown in Fig. 8.12. For such a process PV n is a constant. 

A process having this relation between pressure and volume is called a polytropic 
process. An example is the expansion of the combustion gases in the cylinder of a water- 
cooled reciprocating engine. If the pressure and volume are measured during the expansion 



FIGURE 8.12 

Example of a polytropic 
process. 
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stroke of a polytropic process, as might be done with an engine indicator, and the logarithms 
of the pressure and volume are plotted, the result would be similar to the straight line in Fig. 
8.12. From this figure it follows that 

d In P 

dW “ ~ n 
d In P +nd\nV =0 


If n is a constant (which implies a straight line on the log P versus log 1/ plot), this equation 
can be integrated to give the following relation: 


P V n = constant = PiV{ = P 2^2 


(8.27) 


From this equation the following relations can be written for a polytropic process: 

Pi = (ViY 

p 1 \V 2 ) 

T 2 _ / p 2 \ (n ~ 1)/n _ /1/A"- 1 

h - U; _ w 


(8.28) 


For a control mass consisting of an ideal gas, the work done at the moving boundary during 
a reversible polytropic process can be derived, recall Eq. 4.5, from the relations 


1 W 2 


1W2 



P d V and P V n = constant 
r 2 d V 

P dV = constant J — 


P 2 V 2 -P 1 V 1 mRfo-h) 


1 -n l-n 


(8.29) 


for any value of n except n = 1. 

The polytropic processes for various values of n are shown in Fig. 8.13 on P-v and 
T-s diagrams. The values of n for some familiar processes are 




Polytropic process on P-v and T-s diagrams. 
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FIGURE 8.14 

Diagram for Example 8 . 7 . 


Isobaric process: 

n = 0, 

P = constant 

Isothermal process: 

n = 1, 

T = constant 

Isentropic process: 

n = k, 

s = constant 

Isochoric process: 

n = 00 , 

v = constant 


In a reversible process, nitrogen is compressed in a cylinder from 100 kPa and 20°C to 
500 kPa. During this compression process, the relation between pressure and volume is 
PV 13 — constant. Cal culate the work and heat transfer per kilogram, and show this process 
on P-v and T-s diagrams. 


Control mass: 
Initial state: 
Final state: 
Process: 
Diagram: 
Model : 


N itrogen. 

Pi, T i; state 1 known. 

Pi- 

Reversible, polytropic with exponent n < k. 

Fig. 8.14. 

Ideal gas, constant specific heat— value at 300 K. 




Analysis 

We need to find the boundary movement work. From Eq. 8.29, we have 

P 2 Vi-P 1 V 1 _ mR(T 2 -T i) 

1 - n 1 - n 


l !N 2 = j P dV 


The first law is 


1 Q 2 = ^2 - Ui + \ W 2 — C v o(T 2 - Ti) + iW 2 


Solution 


From Eq. 8.28 


T 2 _ / P 2 \ (n— 1)/n _ /500\ (1 ' 3-1)/1 ' 3 

h ~ VpTJ “ Vioo/ 

T 2 = 293.2 x 1.4498 = 425 K 


1.4498 


Then 


1I/1/2 


R (T 2 - h) 
1-n 


0.2968(425 - 293.2) 
(1-1.3) 


-130.4 kj /kg 
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and from the first law, 

1 Q 2 = C 1/0 (f 2 - T 1 ) + 1 W 2 

= 0.745(425 - 293.2) - 130.4 = -32.2 kj /kg 


The reversible isothermal process for an ideal gas is of particular interest. In this process 

PV = constant = PiVi = P 2 V 2 (8.30) 

Thework done at the boundary of a simple compressi ble mass during a reversible isothermal 
process can be found by integrating the equation 

1^2 = J P d v 

The integration is 

r 2 r 2 dV i/p Pi 

i I/I /2 = / P dV — constant / — = Ptfi In — = P 1 V 1 In — (8.31) 

Ji Ji V V 1 P 2 

or 


iW 2 = mRT In ^ =mRT In j- (8.32) 

Because there is no change in internal energy or enthalpy in an isothermal process, 
the heat transfer is equal to the work (neglecting changes in kinetic and potential energy). 
Therefore, we could have derived Eq. 8.31 by calculating the heat transfer. 

For example, using Eq. 8.7, we have 


i; 


T ds = i(j 2 



P dv 


B ut du = 0 and P v = constant = PiVi = P 2 V 2 , such that 


1 T 2 



P dv = P 1 v l In 


V_2 

Vi 


which yields the same result as Eq. 8.31. 


In-Text Concept Questions 

f. A liquid is compressed in a reversible adiabatic process. What is the change in T? 

g. An ideal gas goes through a constant-T reversible heat addition process. How do the 
properties {v, u, h,s,P) change (up, down, or constant)? 

h. Carbon dioxide is compressed to a smaller volume in a ploytropic process with 
n — 1.2. How do the properties ( u , h, s, P , T ) change (up, down, or constant)? 
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8.9 


ENTROPY CHANGE OF A CONTROL MASS 
DURING AN IRREVERSIBLE PROCESS 


Consider a control mass that undergoes the cycles shown in Fig. 8.15. The cycle made up 
of the reversible processes A and B is a reversible cycle. Therefore, we can write 



T he cycl e made up of the i rreversi bl e process C and the reversi bl e process B i s an i rreversi bl e 
cycle. Therefore, for this cycle the inequality of Clausius may be applied, giving the result 



Subtracting the second equation from the first and rearranging, wehave 



Since path/4 is reversible, and since entropy is a property, 



Therefore, 



As path C was arbitrary, the general result is 


dS > 


SO 

T 




SO 

T 


(8.33) 


in these equations the equality holds for a reversible process and the inequality for an 
irreversible process. 

This is one of the most important equations of thermodynamics. It is used to develop 
a number of concepts and definitions. In essence, this equation states the influence of 
irreversibility on the entropy of a control mass. Thus, if an amount of heat<5Q istransferred 


Entropy 

change of a control mass 
during an irreversible 
process. 
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to a control mass at temperature! in a reversible process, the change of entropy is given by 
the relation 


dS = 



rev 


If any irreversible effects occur while the amount of heat SQ is transferred to the control 
mass at temperature T , however, the change of entropy will be greater than for the reversi ble 
process. We would then write 


dS > 



irr 


Equation 8.33 holds when 8Q = 0, when 8Q < 0, and when 8Q > 0. If 8Q is negative, 
the entropy will tend to decrease as a result of the heat transfer. However, the influence of 
irreversibilities is still to increase the entropy of the mass, and from the absolute numerical 
perspective we can still write for 8Q 


dS > 


SO 

T 


8.10 


ENTROPY GENERATION 


Theconclusionfrom the previousconsi derations isthattheentropy change in an irreversible 
process is larger than the change in a reversible process for the same SQ and T. This can be 
written out in a common form as an equality 


dS 


s l_ 

T 


85, 


gen 


(8.34) 


provided that the last term is positive, 


SSgen > 0 


(8.35) 


The amount of entropy, <5S gen , is the :ntropy generation in the process due to irreversibilities 
occurring inside the system, a control mass for now but later extended to the more general 
control volume. This internal generation can be caused by the processes mentioned in 
Section 7.4, such as friction, unrestrained expansions, and the internal transfer of energy 
(redistribution) over a finite temperature difference. In addition to this internal entropy 
generation, external irreversibilities are possible by heat transfer over finite temperature 
differences as the 8Q is transferred from a reservoir or by the mechanical transfer of work. 

Equation 8.35 is then valid with the equal sign fora reversi ble process and the greater 
than sign for an irreversible process. Since the entropy generation is always positive and is 
the smallest in a reversible process, namely zero, we may deduce some limits for the heat 
transfer and work terms. 

Consider a reversible process, for which the entropy generation is zero, and the heat 
transfer and work terms therefore are 


8Q = T dS and 8W = P dV 

For an irreversible process with a nonzero entropy generation, the heat transfer from Eq. 
8.34 becomes 


gen 


<5 0 irr = 7" dS — T 8 St 
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and thus is smaller than that for the reversible case for the same change of state, dS. we also 
note that for the irreversible process, the work is no longer equal to P d V but is smaller. 
Furthermore, since the first law is 

50 in- — du+ 51/l/irr 

and the property relation is valid, 

T dS = dU + P dV 


it is found that 


SW irr = P dV -T SSgen (8.36) 

showing that the work is reduced by an amount proportional to the entropy generation. For 
this reason the term T 5S gen is often called lost work, although it is not a real work or energy 
quantity lost but rather a lost opportunity to extract work. 

Equation 8.34 can be integrated between initial and final states to 

S 2 -Si = ^ 2 dS = ^ 2 ^- + 1 S2 g en (8.37) 

Thus, we have an expression for the change of entropy for an irreversible process as an 
equality, whereas in the previous section we had an inequality. In the limit of a reversible 
process, with a zero-entropy generation, the change in S expressed in Eq. 8.37 becomes 
identical to that expressed in Eq. 8.33 as the equal sign applies and the work term becomes 
f P d V . Equation 8.37 is now the entropy balance equation for a control mass in the same 
form astheenergy equation in Eq. 5.5, and itcould include several subsystems. Theequation 
can also be written in the general form 

A E ntropy = +i n - out + gen 

stating that we can generate but not destroy entropy. This is in contrast to energy, which we 
can neither generate nor destroy. 

Some important conclusions can be drawn from Eqs. 8.34 to 8.37. First, there are two 
ways in which the entropy of a system can be increased— by transferring heat to it and by 
having an irreversible process. Since the entropy generation cannot be less than zero, there 
is only one way in which the entropy of a system can be decreased, and that is to transfer 
heat from the system. These changes are illustrated in a T-s diagram in Fig. 8.16 showing 
the halfplane into which the state moves due to a heat transfer or an entropy generation. 

Second, as we have already noted for an adiabatic process, SQ = 0, and therefore the 
increase in entropy is always associated with the irreversibilities. 

Third, the presence of irreversibilities will cause the work to be smaller than the 
reversible work. This means less work out in an expansion process and more work into the 
control mass (51/1/ < 0) in a compression process. 

T 


Change 

of entropy due to heat 
transfer and entropy 
generation. 
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FIGURE 8.17 

Reversible and 
irreversible processes on 
P-v and T-s diagrams. 


P 


1 


s 

N 



S 


(fl) 


(b) 


Finally, it should be emphasized that the change in s associated with the heat transfer 
is a transfer across the control surface, so a gain for the control volume is accompanied 
by a loss of the same magnitide outside the control volume. This is in contrast to the 
generation term that expresses all the entropy generated inside the control volume due to 
any irreversible process. 

One other point concerning the representation of irreversible processes on P-v and 
T-s diagrams should be made. The work for an irreversible process is not equal to / P dV , 
and the heat transfer is not equal to fT dS. Therefore, the area underneath the path does not 
represent work and heat on theP-v and T-s diagrams, respectively. In fact, in many situations 
we are not certain of the exact state through which a system passes when it undergoes an 
irreversible process. For this reason it is advantageous to show irreversible processes as 
dashed lines and reversible processes as solid lines. Thus, the area underneath the dashed 
line will never represent work or heat. Figure 8.17a shows an irreversible process, and, 
because the heat transfer and work for this process are zero, the area underneath the dashed 
line has no significance. Figure 8.17b shows the reversible process, and area 1-2-b-a-l 
represents the work on the P-v diagram and the heat transfer on the T-s diagram. 


In-Text Concept Questions 

i. A substance has heat transfer out. Can you say anything about changes in s if the 
process is reversible? If it is irreversible? 

j. A substance is compressed adi abati cal ly, so P and T go up. Does that changes? 


8.11 


PRINCIPLE OF THE INCREASE OF ENTROPY 


In the previous section, we considered irreversible processes in which the irreversibilities 
occurred inside the system or control mass. We also found that the entropy change of a 
control mass could be either positive or negative, since entropy can be increased by internal 
entropy generation and either increased or decreased by heat transfer, depending on the 
direction of that transfer. Now we would like to emphasize the difference between the 
energy and entropy equations and point out that energy is conserved but entropy is not. 

Consider two mutually exclusive control volumesA and B with a common surfaceand 
their surroundings C such that they collectively include the whole world. Let some processes 
take pi ace so that these control volumes exchange work and heat transfer as indicated in Fig. 
8.18. Since a 0 or 1/1/ is transferred from one control volume to another, we only keep one 
symbol for each term and give the direction with the arrow. We will now write the energy 
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FIGURE 8.18 Total 
world divided into three 
control volumes. 



and entropy equations for each control volume and then add them to see what the net effect 
is. As we write the equations, we do not try to memorize them, but just write them as 

Change = +in - out + generation 

and refer to the figure for the sign. We should know, however, that we cannot generate 
energy, but only entropy. 

Energy: (E 2 - Ei) a = Q a - l/l/ a - Ob + 

(E 2 - Ei) s = <?„- W b -Q c + W c 
(E 2 - E i) c =Q C + W a - Q a -W c 


(S 2 - Si) A = j 

f SQ a 

f Wb 

+ Eg e n A 

'tT-j 

' T b 

(S 2 — Si) B = j 

f 5Q b 

f sQc 

+ Sgen B 

' T b J 

hr 

(S 2 - Si) c = J 

ff-, 

(t 

+ Sgen C 


N ow we add all the energy equations to get the energy change for the total world: 


(E 2 -E 1 ) total = (E 2 -E 1 ), + (E 2 -E 1 ) B +(E 2 -E 1 ) c 

= Q a -W a -Q b + W b + Q b -W b -Qc + Wc + Qc + W a -Q a -W c 
= 0 ( 8 . 38 ) 


and we see that total energy has not changed, that is, energy is conserved as all the right- 
hand-side transfer terms pairwise cancel out. The energy is not stored in the same form 
or place as it was before the process, but the total amount is the same. For entropy we get 
something slightly different: 


= (S 2 - Si) A 

+ (S 2 — Sj) B + (S 2 

-Si) c 

[ SQ a 

f S Qb c 

f 50b [ 

= 1 17" 

J Tr + s teoJ +j 

T b J 


'/t + S| ” c 


— Sgen A + Sgen B + Sgen C 0 



SQ t 


3gen B 


( 8 . 39 ) 
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where all the transfer terms cancel, leaving only the positive entropy generation terms for 
each part of the total world. The total entropy increases and is then not conserved. Only if 
we have reversible processes in all parts of the world will the right-hand side become zero. 
This concept is referred to as the principle of the increase of entropy. Notice that if we add 
all the changes in entropy for the whole world from state 1 to state 2 we would get the total 
generation (increase), but we would not be able to specify where in the world the entropy 
was made. In order to get this more detailed information, we must make separate control 
volumes I ike A, B, and C and thus also evaluate all the necessary transfer terms so that we 
get the entropy generation by the balance of stored changes and transfers. 

As an example of an irreversible process, consider a heat transfer process in which 
energy flows from a higher temperature domain to a lower temperature domain, as shown 
in Fig. 8.19. Let control volume A be a control mass at temperature T that receives a 
heat transfer of SQ from a surrounding control volume C at uniform temperature To. The 
transfer goes through the walls, control volume B, that separates domains A and C . Let us 
then analyze the incremental process from the point of view of control volumes, the walls, 
which do not have a change of state in time, but the state is nonuniform in space (it has To 
on the outer side and T on the inner side). 


EnergyEq.: dE = 0 = SQi~ SQ 2 SQi = 8Q 2 = SQ 

8Q 8Q 

Entropy Eg.: dS=0 = - ^- + <5S gen B 


To T 


So, from the energy equation, we find the two heat transfers to be the same, but realize that 
they take place at two different temperatures leading to an entropy generation as 



(8.40) 


Si nee T 0 > T for the heat transfer to move in the indicated direction, we see that the entropy 
generation is positive. Suppose the temperatures were reversed, so that T 0 < T. Then the 
parenthesis would be negative; to have a positive entropy generation, <50 must be negative, 
that is, move in the opposite direction. The direction of the heat transfer from a higher to a 
lower temperature domain is thus a logical consequence of the second law. 

The principle of the increase of entropy (total entropy generation), Eq. 8.39, is illus- 
trated by the foil owing example. 


FIGURE 8.19 Heat 

transfer through a wall. 
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EXAMP Suppose that 1 kg of saturated water vapor at 100°C is condensed to a saturated liquid at 

100°C in a constant-pressure process by heat transfer to the surrounding air, which is at 
25°C. What is the net increase in entropy of the water plus surroundings? 

Solution 

For the control mass (water), from the steam tables, we obtain 

ASc.m. = -ms fg = -1 x 6.0480 = -6.0480 kj /K 
Concerning the surroundings, we have 

0 to surroundings = mh fg = 1 X 2257.0 = 2257 kj 

as - = | = ^n = 7 - 5700kJ/K 

A5g en total = ASc.m. T" ASjjrr = — 6.0480 + 7.5700 = 1.5220 kj /K 

This increase in entropy is in accordance with the principle of the increase of entropy and 
tells us, as does our experience, that this process can take place. 

It is interesting to note how this heat transfer from the water to the surroundings 
might have taken place reversibly. Suppose that an engine operating on the Carnot cycle 
received heatfrom the water and rejected heat to the surroundings, as shown in Fig. 8.20. 
The decrease in the entropy of the water is equal to the increase in the entropy of the 
surroundings. 


ASc.m. = -6.0480 kj /K 
ASsurr = 6.0480 kj /K 

0 to surroundings = TqAS = 298.15(6.0480) = 1803.2 kj 
W = 0 H - 0 L = 2257 - 1803.2 = 453.8 kj 


FIGURE 8.20 

Reversible heat transfer 
with the surroundings. 



7 Qh 


Reversible 

engine 



Ql 


Surroundings 
T 0 = 298.2 K 



Since this is a reversible cycle, the engine could be reversed and operated as a heat pump. 
For this cycle the work input to the heat pump would be 453.8 kj. 
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8.12 


ENTROPY AS A RATE EQUATION 


The second law of thermodynamics was used to write the balance of entropy in Eq. 8.34 
for a variation and in Eq. 8.37 for a finite change. In some cases the equation is needed in a 
rate form so that a given process can be tracked in time. The rate form is also the basis for 
the development of the entropy balance equation inthe general control volume analysis for 
an unsteady situation. 

Take the incremental change in 5 from Eq. 8.34 and divide by St. We get 


dS 1 SQ i 5Sgen 

It - TIT + ~sF 


(8.41) 


For a given control volume we may have more than one source of heat transfer, each at a 
certain surf ace temperature(semidistributed situation). Sincewedid nothaveto consider the 
temperature at which the heat transfer crossed the control surface for the energy equation, 
all the terms were written as a net heat transfer in a rate form in Eq. 5.31. Using this and a 
dot to indicate a rate, the final form for the entropy equation in the limit is 

d -^ = ZfQ+S„n 18.42) 

expressing the rate of entropy change as due to the lux of entropy into the control mass 
from heat transfer and an increase due to irreversible processes inside the control mass. If 
only reversible processes take pi ace inside the control volume, the rate of change of entropy 
is determined by the rate of heat transfer divided by the temperature terms alone. 


EXAMPLE 8.9 Consider an electric space heater that converts 1 kW of electric power into a heat flux of 
1 kW delivered at 600 K from the hot wire surface. Let us look at the process of the energy 
conversion from electricity to heat transfer and find the rate of total entropy generation. 

Control mass: The electric heater wire. 

State: Constant wire temperature 600 K. 


Analysis 

The first and second laws of thermodynamics in rate form become 


d E c.m. 

dt 

d Sc.m. 

dt 


dUr 


dt 


= 0=1/1/ el.in - 0 


out 


— 0 — — Q out/Tsurface + 5, 


gen 


Notice that we neglected kinetic and potential energy changes in going from a rate of E 
to a rate of U. Then the left-hand side of the energy equation is zero since it is steady 
state and the right-hand side is electric work in minus heat transfer out. For the entropy 
equation the left-hand side is zero because of steady state and the right-hand side has a 
flux of entropy out due to heat transfer, and entropy is generated in the wire. 
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EXAMPLE 8.10 


FIGURE 8.21 A heat 

pump for a house. 


Solution 

We now get the entropy generation as 

S gen = O' out /T = 1 kW /600 K = 0.001 67 kW /K 


Consider a modern air conditioner using R-410a working in heat pump mode, as shown in 
Fig. 8.21. it has a COP of 4 with 10 kW of power input. The cold side is buried underground, 
where it is 8°C, and the hot side is a house kept at 21°C. For simplicity, assume that the 
cycle has a high temperature of 50°C and a low temperature of -10°C (recall Section 
7.10). We would like to know where entropy is generated associated with the heat pump, 
assuming steady- state operation. 


cv 2 cv HP 



Let us look first at the heat pump itself, as in CV H p, so from the COP 

Oh = Ph p x W = 4 x 10 kW = 40 kW 
Q't = Oh - W = 40 kW - 10 kW = 30 kW 
0 l Oh 


Energy Eq.: 
Entropy Eq 


0 = 


3 genH P 


T|ow Thigh 

0h 0l 


gen H P 


40 kW 30 kW 


Thigh T| 0W 323 K 263 K 
Now consider Cl/i from the underground 8°C to the cycle -10°C 

Ol 

j r -5genC\/i 
' low 

Q l Q l 30 kW 30 kW 

I low 


= 9.8 W/K 


Entropy Eq.: 




S9enCl/l Tmw T l 263 K 281 K 


= 7.3 W/K 


And finally, consider C 1/ 2 from the heat pump at 50°C to the house at 21°C. 


n _ 0 h Oh r 

U — ^ ~ r -> genC V 2 

I high i H 


SgenC V 2 — ~r 


40 kW 40 kW 


Th T high 294 K 323 K 


= 12.2 W/K 


Entropy Eq.: 
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The total entropy generation rate becomes 


SgenTOT — ■SgenCV'i + SgenCI/2 ~T $genH P 

_ Ol | Qh Oh | Oh Ol 

Tlow Ti Th Thigh Thigh T|ow 


Oh _ 

Th T l 


40 kW 30 kW 
294 K “ 281 K 


29.3 W/K 


This last result is also obtained with a total control volume of the heat pump out to the8°C 
and 21°C reservoirs that is the sum of the three control volumes shown. However, such an 
analysis would not be able to specify where the entropy is made; only the more detailed, 
smaller control volumes can provide this information. 


8.13 


SOME GENERAL COMMENTS ABOUT ENTROPY 
AND CHAOS 


It is quite possible at this point that a student may have a good grasp of the material that has 
been covered and yet may have only a vague understanding of the significance of entropy. In 
fact, the question "What is entropy?" is frequently raised by students, with the implication 
that no one really knows! This section has been included in an attempt to give insight into 
the qual i tati ve and phi losophical aspects of the concept of entropy and to i 1 1 ustrate the broad 
application of entropy to many different disciplines. 

First, we recall that the concept of energy arises from the first law of thermodynamics 
and the concept of entropy from the second law of thermodynamics. Actually, it is just as 
difficult to answer the question "What is energy?" as it is to answer the question "W hat is 
entropy?" However, since we regularly use the term energy and areableto relate this term 
to phenomena that we observe every day, the word energy has a definite meaning to us and 
thus serves as an effective vehicle for thought and communication. The word entropy could 
serve in the same capacity. If, when we observed a highly irreversible process (such as 
cooling coffee by placing an icecubein it), wesaid, “That surely increases the entropy," we 
would soon be as familiar with the word entropy as we are with the word energy. In many 
cases, w hen we speak about higher effi ciency, we are actual ly speaki ng about accompl ishi ng 
a given objective with a smaller total increase in entropy. 

A second point to be made regarding entropy is that in statistical thermodynamics, 
the property entropy is defined in terms of probability. Although this topic will not be 
examined in detail in this book, a few brief remarks regarding entropy and probability may 
prove helpful. From this point of view, the net increase in entropy that occurs during an 
irreversible process can be associated with a change of state from a less probable state to 
a more probable state. For instance, to use a previous example, one is more likely to find 
gas on both sides of the ruptured membrane in Fig. 7.15 than to find a gas on one side and 
a vacuum on the other. Thus, when the membrane ruptures, the direction of the process is 
from a less probable state to a more probable state, and associated with this process is an 
increase in entropy. Similarly, the more probable state is that a cup of coffee will be at the 
same temperature as its surroundings than at a higher (or lower) temperature. Therefore, as 
the coffee cools as the result of a transfer of heat to the surroundings, there is a change from 
a less probableto a more probable state, and associated with this is an increase in entropy. 
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To tie entropy a little closer to physics and to the level of disorder or chaos, let us 
consider a very simple system. Properties like L/ and S fora substance at a given state are 
averaged over many particles on the molecular level, so they (atoms and molecules) do not 
all exist in the same detailed quantum state. T here are a number of different configurations 
possible for a given state that constitutes an uncertainty or chaos in the system. The number 
of possible configurations, w, is called the thermodynamic probability, and each of these is 
equally possible; this is used to define the entropy as 


5 = k In w 


(8.43) 


where k is the Boltzmann constant, and it is from this definition that S is connected to the 
uncertainty or chaos. The larger the number of possible configurations is, thelargerS is. For 
a given system, we would have to evaluateall the possible quantum states for kinetic energy, 
rotational energy, vibrational energy, and so forth to find the equilibrium distribution and 
w. Without going into those details, which is the subject of statistical thermodynamics, a 
very simple example is used to illustrate the principle (Fig. 8.22). 

Assume we have four identical objects that can only possess one kind of energy, 
namely, potential energy associated with elevation (the floor) in a tall building. Let the 
four objects have a combined 2 units of energy (floor height times mass times gravitation). 
Flow can this system be configured? We can have one object on the second floor and the 
remaining three on the ground floor, giving a total of 2 energy units. We could also have two 
objects on the first floor and two on the ground floor, again with a total of 2 energy units. 
These two configurations are equally possible, and wecould thereforesee thesystem 50% of 
the time in one configuration and 50% of the time in the other; we have some positive value 
of S. 

Now let us add 2 energy units by heat transfer; that is done by giving the objects some 
energy that they share. Now the total energy is 4 units, and we can see the system in the 
following configurations (a-e): 


Floor number: 

0 

1 

2 

3 

4 

Number of objects a: 

3 




1 

Number of objects b: 

2 

1 


1 


Number of objects c: 

2 


2 



Number of objects d: 

1 

2 

1 



Number of objects e: 


4 





Now we have five different configurations (w = 5)— each equally possible— so we will 
observe the system 20% of the time in each one, and we now have a larger value of S. 

On the other hand, if we increase the energy by 2 units through work, it acts differently. 
Work is associated with the motion of a boundary, so now we pull in the building to make it 



FIGURE 8.22 

Illustration of energy 
distribution. 
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higher and stretch it to be twice as tall, that is, the first floor has 2 energy units per object, and 
so forth, as compared with the original state. This means that we simply double the energy 
per object in the original configuration wi thout altering the number of configurations, which 
stay at w = 2. In effect, S has not changed. 


Floor number: 

0 

1 

2 

3 

4 

Number of objects f: 

3 


1 



Number of objects g: 

2 

2 





This example illustrates the profound difference between adding energy as a heat transfer 
changing 5 versus adding energy through a work term leaving S unchanged. In the first 
situation, we move a number of particles from lower energy levels to higher energy levels, 
thus changing the distribution and increasing the chaos, in the second situation, we do not 
move the particles between energy states, but we change the energy level of a given state, 
thus preserving the order and chaos. 


The nequality of Clausius and the property entropy (s) are modern statements of the second 
law. The final statement of the second law is the itropy balance equation that includes 
generation of entropy. All the results that were derived from the classical formulation of 
the second law in Chapter 7 can be rederived with the entropy balance equation applied 
to the cyclic devices. For all reversible processes, entropy generation is zero and all real 
(irreversible) processes have positive entropy generation. How large the entropy generation 
is depends on the actual process. 

Thermodynamic property relationsfors are derived from consideration of a reversible 
process and lead to Gibbs relations. Changes in the property s are covered through general 
tables, approximations for liquids and solids, as well as ideal gases. Changes of entropy 
in various processes are examined in general together with special cases of polytropic 
processes. J ust as reversible specific boundary work is the area below the process curve 
in a P-v diagram, the reversible heat transfer is the area below the process curve in a T-s 
diagram. 

You should have learned a number of skills and acquired abilities from studying this 
chapter that will allow you to 

• Know that Clausius inequality is an alternative statement of the second law. 

• Know the relation between entropy and reversible heat transfer. 

• Locate states in the tables involving entropy. 

• U nderstand how a Carnot cycle looks in a T-s diagram. 

• Know how different simple process curves look in a T-s diagram. 

• U nderstand how to apply the entropy balance equation for a control mass. 

• Recognize processes that generate entropy and where the entropy is made. 

• Evaluate changes in s for liquids, solids, and ideal gases. 

• Know the various property relations for a polytropic process in an ideal gas. 

• Know the application of the unsteady entropy equation and what a flux of s is. 


314 ■ CHAPTER EIGHT ENTROPY 


KEY CONCEPTS 
AND FORMULAS 


Clausius inequality 

O 

VI 

Entropy 

dS= y+ dSqen'i dS gen > 0 

Rate equation for entropy 

C - V ^ c m ' -1- S 
-'em. — / y j- i -'gen 

Entropy equation 

f2 S Q 

m(s 2 - Si) = J y~ + lS 2 gen 1 

Total entropy change 

ASnet = AScm + AS S j r r = Sgen 

Lost work 

1/1^ lost = J T d Sgen 

Actual boundary work 

X W 2 = J P dV - 1/1/ lost 

Gibbs relations 

T ds = du + P dv 

T ds = dh -vdP 

Solids, Liquids 

v — constant, dv = 0 

Change in s 

f du f dT 

S2 - si =y-=y c -~ 

Ideal Gas 


Standard entropy 

s o = f T ^dT 

Change in s 

s 2 -Si = s? 2 -s? 1 -K In ^ 

Pi 


Ratio of specific heats 
Polytropic processes 


Specific work 


1$2 gen Lc 0 


1 2 
T 1 


(Function of T) 

(U sing Table A .7, F.5 
or A. 8, F.6) 

s 2 — Si = C p o In — R In (For constantC p , C v ) 
T i P i 

T 2 Ml 

s 2 - Si = C„o In— — i- P In — (For constantC p , C v ) 

T i Vi 

k — C po/C i/o 

Pv n = constant; 


P 1 = (V 1 V = (v 1 
Pi \v 2 ) \V 2 

n - 1 


PV n — constant 

n 

t_2\ S=T 

Ti, 


Ti 

Ti 

V_2 

Vl ~ V P2 

1 

llfl/2 = 


Vl 
V2 

' 1 


n-1 

Pi\~ 


1 -n 


Pi, x 
Ti) 

{P 2 V 2 - P 1 V 1 ) = 


1 - n 


(T 2 - Ti) n/1 


1 1 / 1/2 = PiVi In — = R Ti In — = R T 2 In — ^ n = 1 

v x V, P 2 

The work is moving boundary work w = J P dv 
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Identifiable processes 

n = 0; 

P = constant; 

Isobaric 


n = 1; 

T = constant; 

Isothermal 


n = k; 

s = constant; 

Isentropic 


n = ± 00 ; 

v = constant; 

Isochoric or isometric 
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8.1 W hen a substance has completed a cycle, v,u,h, and 
s are unchanged. Did anything happen? Explain. 

8.2 Assume a heat engine with a given Q H ■ Can you say 
anything about Q L if the engine is reversible? If it is 
irreversible? 

8.3 CV A is the mass inside a piston-cylinder; CV B is 
that plus part of the wall out to a source of i0 2 at 
T s . Write the entropy equation for the two control 
volumes, assuming no change of state of the piston 
mass or walls. 



FIGURE P8.3 



FIGURE P8.7 



8.8 A reversible process in a piston/cylinder is shown in 
Fig. P8.8. Indicate the storage change u 2 - u 1 and 
transfers ii/i/ 2 and ig 2 as positive, zero, or negative. 



FIGURE P8.8 



8.4 Consider the previous setup with the mass m A and 
the piston cylinder of mass m p starting out at two dif- 
ferent temperatures. After a while, the temperature 
becomes uniform without any external heat transfer. 
Write the entropy equation storage term (S 2 - Si) 
for the total mass. 

8.5 Water at 100°C, quality 50% in a rigid box is heated 
to 110°C. How do the properties (P, v, x, u, and s) 
change (increase, stay about the same, or decrease)? 

8.6 Liquid water at 20°C , 100 kPa is compressed in a pis- 
ton/cylinder without any heat transfer to a pressure 
of 200 kPa. How do the properties (T , v, u, and s) 
change (increase, stay about the same, or decrease)? 

8.7 A reversible process in a piston/cylinder is shown in 
Fig. P8.7. I ndicate the storage change u 2 - u 1 and 
transfers iw 2 and 2 g 2 as positive, zero, or negative. 


8.9 Air at 290 K, 100 kPa in a rigid box is heated to 
325 K. How do the properties (P , \/, u, ands) change 
(increase, stay about the same, or decrease)? 

8.10 Air at 20°C, 100 kPa is compressed in a piston/ 
cylinder without any heat transfer to a pressure of 
200 kPa. H ow do the properties (T ,v,u and s) change 
(increase, stay about the same or decrease)? 

8.11 Carbon dioxide is compressed to a smaller volume 
in a polytropic process with n = 1.4. How do the 
properties ( u , h, s, P, T) change (up, down, or con- 
stant)? 

8.12 Process A: Air at 300 K, 100 kPa is heated to 310 
K at constant pressure. Process B: Air at 1300 K is 
heated to 1310 K at constant 100 kPa. U se the table 
below to compare the property changes. 
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8.13 W hy do we write AS or S 2 - Si, whereas we write 
JdQ/T and iS 2 g en? 

8.14 A reversible heat pump has a flux of s entering as 
Q lIT l ■ What can you say about the exit flux of s at 
T h ? 


8.15 An electric baseboard heater receives 1500 W of 
electrical power that heats room air, which loses the 
same amount through the walls and windows. Spec- 
ify exactly whereentropy isgenerated in thatprocess. 

8.16 A 500 W electric space heater with a small fan inside 
heats air by blowing it over a hot electrical wire. For 
each control volume, (a) wireatT wire only, (b) all the 
room airatfroom, and (c) total room pi us the heater, 
specify the storage, entropy transfer terms, and en- 
tropy generation as rates ( neglect any 0 through the 
room walls or windows). 


HOMEWORK PROBLEMS 

Inequality of Clausius 

8.17 Consider the steam power plant in Example6.9and 
assume an average T in the line between 1 and 
2. Show that this cycle satisfies the inequality of 
Clausius. 

8.18 A heat engine receives 6 kW from a 250°C source 
and rejects heat at 30°C. Examine each of three 
cases with respect to the inequality of Clausius: 

a. W — 6 kW b. W = 0 kW c. Carnot cycle 

8.19 Use the inequality of Clausius to show that heat 
transfer from a warm space toward a colder space 
without work is a possible process, that is, a heat 
engine with no work output. 

8.20 Use the inequality of Clausius to show that heat 
transfer from a cold space toward a warmer space 
without work is a impossible process, that is, a heat 
pump with no work input. 

8.21 Assume the heat engine in Problem 7.32 has a high 
temperature of 1200 K and a low temperature of 
400 K. What does the inequality of Clausius say 
about each of the four cases? 

8.22 Let the steam power plant in Problem 7.35 have 
700°C in the boiler and 40°C during the heat rejec- 
tion in the condenser. Does that satisfy the i nequal- 
ity of Clausius? Repeat the question for the cycle 
operated in reverse as a refrigerator. 

8.23 Examine the heat engine in Problem 7.54 to see if 
it satisfies the inequality of Clausius. 

E ntropy of a Pure Substance 

8.24 Find the missing properties of T , P , s, and x for 
water at 


a. P =25 kPa, s = 7.7 kj/kg K 

b. P =10 MPa, u = 3400 kj/kg 

c. T — 150°C, s = 7.4 kj/kg K 

8.25 Determine the missing property among P, T,s, and 
x for R-410a at 

a. T = — 20°C, v = 0.1377 m 3 /kg 

b. T = 20°C, v = 0.01377 m 3 /kg 

c. P = 200 kPa, s = 1.409 kj /kg K 

8.26 Find the missing properties of P, v, s, and x for 
ammonia (N H 3 ) at 

a. T — 65°C, P = 600 kPa 

b. T — 20°C, P = 100 kPa 

c. T = 50°C,v = 0.1185 m 3 /kg 

8.27 Find the entropy for the foil owing water states and 
indicate each state on a T-s diagram relative to the 
two-phase region. 

a. 250°C, v = 0.02 m 3 /kg 

b. 250°C, 2000 kPa 

c. — 2°C, 100 kPa 

8.28 Repeat Problem 8.27 for the following water 
states: 

a. 20°C, 100 kPa 

b. 20°C, lOOOOkPa 

8.29 Determine the missing property among P, 7, s, and 
x carbon dioxide at 

a. P = 1000 kPa, v = 0.05 m 3 /kg 

b. T — 0°C, s = 1 kj/kg K 

c. T = 60°C,s = 1.8 kj/kg K 

8.30 Two kilograms of water at 120°C with a quality of 
25% has its temperature raised 20°C in a constant- 
volume process. W hat are the new qual ity and spe- 
cific entropy? 
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8.31 Two kilograms of water at 200 kPa with a quality of 
25% has its temperature raised 20°C in a constant- 
pressure process. W hat is the change in entropy? 

8.32 Saturated liquid water at 20°C is compressed to 
a higher pressure with constant-temperature. Find 
the changes in u and s when the final pressure is 

a. 500 kPa b. 2000 kPa c. 20 000 kPa 

8.33 Saturated vapor water at 150°C is expanded to a 
lower pressure with constant temperature. Find the 
changes in u and s when the final pressure is 

a. lOOkPa b. 50 kPa c. 10 kPa 

8.34 Determine the missing property among P , T , s, and 
x for the following states: 

a. Ammonia 25°C, v = 0.10 m 3 /kg 

b. Ammonia 1000 kPa, s = 5.2 kj/kg K 

c. R-134a 5°C, s = 1.7 kj/kg K 

d. R-134a 50°C,s =1.9 kj/kg K 


Reversible Processes 

8.35 Consider a Carnot-cycle heat engine with water as 
the working fluid. The heat transfer to the water 
occurs at 300°C, during which process the water 
changes from saturated liquid to saturated vapor. 
The heat is rejected from the water at 40°C. Show 
the cycle on a T-s diagram and find the quality of 
the water at the beginning and end of the heat re- 
jection process. Determine the net work output per 
kilogram water and the cycle thermal efficiency. 

8.36 A piston cylinder compresses R-410a at 200 kPa, 
-20°C to a pressure of 1200 kPa in a reversible 
adiabatic process. Find the final temperature and 
the specific compression work. 

8.37 In a Carnot engine with ammonia as the working 
fluid, the high temperature is T H = 60°C, and as 
Oh is received the ammonia changes from satu- 
rated liquid to saturated vapor. The ammonia pres- 
sure at the low temperature is P| 0W = 190 kPa. Find 
T l , the cycle thermal efficiency, the heat added per 
kilogram, and the entropy, s, at the beginning of the 
heat rejection process. 

8.38 Water is used as the working fluid in a Carnot-cycle 
heat engine, where it changes from saturated liquid 
to saturated vapor at 200°C as heat is added. FI eat 
is rejected in a constant-pressure process (also con- 
stant T) at 20 kPa. The heat engine powers a Carnot- 
cyclerefrigeratorthat operates between -15°C and 
+20°C, shown in Fig. P8.38. Find the heat added 


to the water per kilogram of water. Flow much heat 
should be added to the water in the heat engine so 
that the refrigerator can remove 1 kj from the cold 
space? 
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8.39 Water at 200 kPa with x = 1.0 is compressed in a 
piston/cylinder to 1 M Pa and 250°C in a reversible 
process. Find the sign for the work and the sign for 
the heat transfer. 

8.40 Water at 200 kPa with x = 1.0 is compressed in a 
piston/cylinder to 1 M Pa and 350°C in a reversible 
process. Find the sign for the work and the sign for 
the heat transfer. 

8.41 R-410a at 1 M Pa, 60°C is expanded in a piston/ 
cylinder to 500 kPa, 20°C in a reversible process. 
F i nd the sign for both the work and the heat transfer 
for this process. 

8.42 A piston/cylinder maintaining constant pressure 
contains 0.1 kg saturated liquid water at 100°C. 
it is now boiled to become saturated vapor in a re- 
versible process. Find the work term and then the 
heattransfer from the energy equation. Find the heat 
transfer from the entropy equation; is it the same? 

8.43 Consider a Carnot-cycle heat pump with R-410aas 
the working fluid. FI eat is rejected from the R -410a 
at40°C, during which process the R-410a changes 
from saturated vapor to saturated liquid. The heat 
is transferred to the R-410a at 0°C. 

a. Show the cycle on a T-s diagram. 

b. Find the quality of the R-410a at the beginning 
and end of the isothermal heat addition process 
at 0°C. 

c. Determine the COP for the cycle. 

8.44 Do Problem 8.43 using refrigerant R-134a instead 
of R-410a. 

8.45 One kilogram of ammonia in a piston/cylinder at 
50°C and 1000 kPa is expanded in a reversible 
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isobaric process to 140°C, shown in Fig. P8.45. 
Find the work and heat transfer for this process. 



8.46 A piston/cylinder contains 0.25 kg of R-134a at 
100 kPa. It will be compressed in an adiabatic re- 
versible process to 400 kPa and should be 70°C. 
W hat should the initial temperature be? 

8.47 C ompression and heattransfer bri ng carbon dioxide 
in a piston/cylinder from 1400 kPa, 20°C to satu- 
rated vapor in an isothermal process. Find the spe- 
cific heat transfer and the specific work. 

8.48 0 ne ki I ogram of carbon di oxi de i n a piston/cy I i nder 
at 120°C, 1400 kPa, shown in Fig. P8.48, is ex- 
panded to 800 kPa i n a reversi bl e adi abati c process. 
Find the specific work and heat transfer. 


8.52 A piston/cylinder device with 2 kg water at 1000 
kPa, 250°C is cooled with a constant loading on 
the piston. This isobaric process ends when the wa- 
ter has reached a state of saturated liquid. Find the 
work and heat transfer and sketch the process in 
both a P-v and a T-s diagram. 

8.53 One kilogram of water at 300°C expands against a 
piston in a cylinder until it reaches ambient pres- 
sure, 100 kPa, atwhich point the water has a quality 
of 90.2%. It may be assumed that the expansion is 
reversible and adiabatic. What was the initial pres- 
sure in the cylinder and how much work is done by 
the water? 

8.54 Water at 1000 kPa, 250°C is brought to saturated 
vaporin a rigid container, shown in Fig. P8.54. Find 
the final T and the specific heattransfer in this iso- 
metric process. 



— FIGURE P8 48 

8.49 A cylinder fitted with a piston contains ammonia at 
50°C and 20% quality with a volume of 1 L. The 
ammonia expands slowly, and during this process 
heat is transferred to maintain a constant temper- 
ature. The process continues until all the liquid is 
gone. Determine the work and heat transfer for this 
process. 

8.50 Waterinapiston/cylinderdeviceat400°C and 2000 
kPa is expanded in a reversible adiabatic process. 
The specific work is measured to be 415.72 kj/kg 
out. Find the final P and T and show the P-v and 
the T-s diagrams for the process. 

8.51 A piston/cylinder with R-134a at -20°C and 100 
kPa is compressed to 500 kPa in a reversible adi- 
abatic process. Find the final temperature and the 
specific work. 


8.55 Estimate the specific heat transfer from the area in 
the T-s diagram and compare it to the correct value 
for the states and process in Problem 8.54. 

8.56 An insulated cylinder fitted with a piston contains 
0.1 kg of water at 100°C with 90% quality. The pis- 
ton is moved, compressing the water until it reaches 
a pressure of 1.2 M Pa. Flow much work is required 
in the process? 

8.57 A closed tank, with V = 10 L, containing 5 kg of 
water initially at 25°C is heated to 175°C in a re- 
versible process. Find the heat transfer to the water 
and its change in entropy. 

8.58 A piston cylinder with 2 kg R-410a at 60°C and 
100 kPa is compressed to 1000 kPa. The process 
happens so slowly that the temperature is constant. 
F i nd the heat transfer and the work for the process, 
assuming it to be reversible. 

8.59 A heavily insulated cylinder fitted with a friction- 
less piston, as shown in Fig. P8.59, contains am- 
monia at 5°C and 92.9% quality, atwhich pointthe 
volume is 200 L. The external force on the piston 
is now increased slowly, compressing the ammonia 
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until itstemperaturereaches50°C.How much work 
is done by the ammonia during this process? 



8.60 A heavi ly i nsulated pi ston/cy I i nder contai ns ammo- 
nia at 1200 kPa, 60°C. The piston is moved, expand- 
ing the ammonia in a reversible process until the 
temperature is -20°C. During the process, 600 kj 
of work is given out by the ammonia. What was the 
initial volume of the cylinder? 

8.61 Water at 1000 kPa and 250°C is brought to satu- 
rated vapor in a piston/cylinder assembly with an 
isothermal process. Find the specific work and heat 
transfer. Estimate the specific work from the area 
in the P-v diagram and compare it to the correct 
value. 

8.62 A rigid, insulated vessel contains superheated va- 
por steam at 3 M Pa, 400°C. A valve on the vessel is 
opened, allowing steam to escape, as shown in Fig. 
P8.62. The overall process is irreversible, but the 
steam remaining inside the vessel goes through a 
reversible adiabatic expansion. Determine the frac- 
tion of steam that has escaped when the final state 
inside is saturated vapor. 



8.63 A cylinder containing R-134a at 10°C, 150 kPa has 
an initial volume of 20 L. A piston compresses the 
R-134a in a reversible isothermal process until it 
reaches the saturated vapor state. Calculate the re- 


quired work and heat transfer to accomplish this 
process. 

8.64 Water at 1000 kPa, 250°C is brought to saturated 
vapor in a piston/cylinder device with an adiabatic 
process. Find the final T and the specific work. Es- 
timate the specific work from the area in the P-v 
diagram and compare it to the correct value. 

8.65 A piston/cylinder setup contains 2 kg of water at 
200°C, 10 M Pa. The piston is slowly moved to ex- 
pand the water in an isothermal process to a pres- 
sure of 200 kPa. FI eat transfer takes place with an 
ambient surrounding at 200°C, and the whole pro- 
cess may be assumed to be reversible. Sketch the 
process in a P-v diagram and calculate both the 
heat transfer and the total work. 

8.66 Water at 1000 kPa, 250°C is brought to saturated 
vapor in a piston/cylinder setup with an isobaric 
process. Find the specific work and heat transfer. 
Estimate the specific heat transfer from the area in 
the T-s diagram and compare it to the correct value. 

E ntropy of a L iquid or Solid 

8.67 Two 5 kg blocks of steel, one at 250°C and the 
other at 25°C, come in thermal contact. Find the 
final temperature and the change in the entropy of 
the steel . 

8.68 A large slab of concrete, 5 x 8 x 0.3 m, is used as 
a thermal storage mass in a solar-heated house. If 
the slab cools overnight from 23°C to 18°C, what 
is the entropy change associated with this process? 

8.69 A piston/cylinder setup has constant pressure of 
2000 kPa with water at 20°C. It is now heated 
to 100°C. Find the heat transfer and the entropy 
change using the steam tables. Repeat the calcu- 
lation using constant heat capacity and incom- 
pressibility. 

8.70 A 4 L jug of milk at 25°C is placed in your re- 
frigerator where it is cooled down to the refrigera- 
tors' inside constant temperature of 5°C. Assume 
the milk has the property of liquid water and find 
the entropy generated in the cooling process. 

8.71 A foundry form box with 25 kg of 200°C hotsand is 
dumped into a bucket with 50 L of water at 15°C. 
Assuming no heat transfer with the surroundings 
and no boiling away of liquid water, calculate the 
net entropy change of the mass. 

8.72 In a sink, 5 L of water at 70°C is combined with 
1 kg of aluminum pots, 1 kg of steel flatware, and 
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I kg of glass, all put in at 20°C. What is the fi- 
nal uniform temperature and the change in stored 
entropy, neglecting any heat loss and work? 

8.73 A 5 kg steel container is cured at 500°C. An amount 
of liquid water at 15°C, 100 kPa is added to the 
container so that the final uniform temperature of 
the steel and the water becomes 75°C . N eglect any 
water that might evaporate during the process and 
any air in the container. How much water should be 
added, and how much was the entropy changed? 

8.74 A pan in an auto shop contains 5 L of engine oil at 
20°C, 100 kPa. Now 2 L of hot 100°C oil is mixed 
into the pan. Neglect any work term and find the 
final temperature and the entropy change. 

8.75 A computer CPU chip consists of 50 g silicon, 
20 g copper, and 50 g polyvinyl chloride (plastic). 

I I now heats up from 15°C to 70°C as the computer 
isturned on. How much did the entropy increase? 

8.76 A 12 kg steel container has 0.2 kg superheated wa- 
ter vapor at 1000 kPa, both at 200°C. The total mass 
is now cooled to ambient temperature 30°C. How 
much heat transfer was taken out and what is the 
steel-water entropy change? 

8.77 Two kilograms of liquid lead initially at 500°C are 
poured into a form, it then cools at constant pres- 
sure down to room temperature of 20°C as heat 
is transferred to the room. The melting point of 
lead is 327°C, and the enthalpy change between 
the phases, h if , is 24.6 kj/kg. The specific heats 
are found in Tables A .3 and A .4. Calculate the net 
entropy change for the mass. 

8.78 Find the total work the heat engine can give out as 
it receives energy from the rock bed as described 
in Problem P7.65 (see Fig. P8.78). Hint: W rite the 
entropy balance equation for the control volume 
that is the combination of the rockbed and the heat 
engine. 


A w 



FIGURE P8.78 


8.79 A 5 kg aluminum radiator holds 2 kg of liquid 
R-134a at -10°C. The setup is brought indoors 
and heated with 220 kj. Find the final temperature 
and the change in entropy of the complete mass. 


E ntropy of I deal G ases 

8.80 Air inside a rigid tank is heated from 300 to 350 K. 
Find the entropy increase S 2 - Si. What is the en- 
tropy increase if it is heated from 1300 to 1350 K? 

8.81 A piston/cylinder setup containing air at 100 kPa, 
400 K iscompressedtoafinal pressure of 1000 kPa. 
Consider two different processes: (1) a reversible 
adiabatic process and (2) a reversible isothermal 
process. Show both processesin aP-vdiagram and 
a T-s diagram. Find the final temperature and the 
specific work for both processes. 

8.82 Prove that the two relations for changes in s, Eqs. 
8.16 and 8.17, are equivalent once we assume con- 
stant specific heat. Hint: Recall the relation for spe- 
cific heat in Eq. 5.27. 

8.83 Assume an ideal gas with constant specific heats. 
Show the functions T(s, P = C ) and T(s, v = C ) 
mathematically and sketch them in a T-s diagram. 

8.84 Water at 400 kPa is brought from 150°C to 1200°C 
in a constant-pressure process. Evaluate the change 
in specific entropy using (a) the steam tables, (b) the 
ideal gas Tables A. 8, and (c) the specific heat Table 
A. 5. 

8.85 R-410a at 400 kPa is brought from 20°C to 120°C 
in a constant-pressure process. Evaluate thechange 
in specific entropy using Table B. 4 and using ideal 
gas with C p = 0.81 kj/kg K . 

8.86 R-410a at 300 kPa, 20°C is brought to 500 kPa, 
200°C in a constant-volume process. Evaluate the 
change in specific entropy using Table B. 4 and us- 
ing ideal gas with C v = 0.695 kj/kg K. 

8.87 A mass of 1 kg of air contained in a cylinder at 1.5 
M Pa, 1000 K expands in a reversible isothermal 
process to a volume 10 times larger. Calculate the 
heat transfer during the process and the change of 
entropy of the air. 

8.88 Consider a small air pistol with a cylinder vol- 
ume of 1 cm 3 at 250 kPa, 27°C. The bullet acts 
as a piston initially held by a trigger, shown in Fig. 
P8. 88. The bullet is released so that the air expands 
in an adiabatic process. If the pressure should be 
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100 kPa as the bullet leaves the cylinder, find the 
final volume and the work done by the air. 


m m ; < 1^1 

FIGURE P8.94 
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8.89 Oxygen gas in a piston/cylinder assembly at 300 K, 
100 kPa with volume 0.1 m 3 is compressed in a re- 
versible adiabatic process to a final temperature of 
700 K. Find the final pressure and volume using 
Table A. 5. 

8.90 Oxygen gas in a piston/cylinder device at 300 K, 
100 kPa with volume 0.1 m 3 is compressed in a 
reversible adiabatic process to a final temperature 
of 700 K . Find the final pressure and volume using 
TableA.8. 

8.91 A rigid tank contains 1 kg methane at 500 K , 1500 
kPa. It is now cooled down to 300 K . Find the heat 
transfer and the change in entropy using ideal gas. 

8.92 Consider a Carnot-cycle heat pump having 1kg of 
nitrogen gas i n a pi ston/cy I i nder arrangement. This 
heat pump operates between reservoi rs at 300 K and 
400 K . A t the begi nni ng of the I ow-temperature heat 
addition, the pressure is 1 M Pa. During this process 
the volume triples. A nalyze each of the four pro- 
cesses in the cycle and determine 

a. The pressure, volume, and temperature at each 
point. 

b. The work and heat transfer for each process. 

8.93 A hydrogen gas in a piston/cylinder assembly at 
280 K, 100 kPa with a volume of 0.1 m 3 is now 
compressed to a volume of 0.01 m 3 in a reversible 
adiabatic process. W hat is the new temperature, and 
how much work is required? 

8.94 A hand-held pump for a bicycle has a volume of 
25 cm 3 when fully extended. You now press the 
plunger (piston) in while holding your thumb over 
the exit hole so that an air pressure of 300 kPa is 
obtained. The outside atmosphere is at P 0 and T 0 . 


Consider two cases: (1) It is done quickly (~l s) 
and (2) it is done very slowly (~l h). 

a. State assumptions about the process for each 
case. 

b. Find the final volume and temperature for both 
cases. 

8.95 An insulated piston/cylinder setup contains carbon 
dioxide gas at 400 kPa, 300 K that is then com- 
pressed to 3 MPa in a reversible adiabatic pro- 
cess. Calculate the final temperature and the spe- 
cific work using (a) ideal gas Tables A. 8 and (b) 
constant specific heat Tables A. 5. 

8.96 Extend the previous problem to solve it usi ng a con- 
stant specific heat at an average temperature from 
Table A .6 and resolve using Table B. 3. 

8.97 A piston/cylinder assembly shown in Fig. P8.97, 
contains air at 1380 K, 15 M Pa, with Vi = 10 cm 3 
and A cy i = 5 cm 2 . The piston is released, and just 
before the piston exits the end of the cylinder, the 
pressure inside is 200 kPa. If the cylinder is insu- 
lated, what is its length? Flow much work is done 
by the air inside? 



FIGURE P8.97 


8.98 Argon in a light bulb is at 90 kPa, 20°C when it is 
turned on, and electric input now heats it to 60°C. 
Find the specific entropy increase of the argon gas. 

8.99 We w i sh to obtai n a supply of col d hel i urn gas by ap- 
plying the following technique. Flelium contained 
in a cylinder at ambient conditions, 100 kPa, 20°C, 
is compressed in a reversible isothermal process to 
600 kPa, after which the gas is expanded back to 
100 kPa in a reversible adiabatic process. 

a. Show the process on a T-s diagram. 

b. Calculate the final temperature and the network 
per kilogram of helium. 
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8.100 A 1 m 3 insulated, rigid tank contains airat 800 kPa, 
25°C . A valve on the tank is opened, and the pres- 
sureinside quickly drops to 150 kPa, atwhich point 
the valve is closed. Assuming that the air remain- 
ing inside has undergone a reversible adiabatic ex- 
pansion, calculate the mass withdrawn during the 
process. 

8.101 Two rigid tanks shown in Fig. P8.101 each con- 
tain 10 kg of N 2 gas at 1000 K, 500 kPa. They 
are now thermally connected to a reversible heat 
pump, which heats one and cools the other with no 
heat transfer to the surroundings. W hen one tank is 
heated to 1500 K, the process stops. Find the final 
(P, T) in both tanks and the work input to the heat 
pump, assuming constant heat capacities. 


A 

N 2 
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8.102 A hydrogen gas in a piston/cylinder assembly at 
300 K, 100 kPa with a volume of 0.1 m 3 is now 
slowly compressed toavolumeof 0.01 m 3 while be- 
ing cooled in a reversible isothermal process. What 
is the final pressure, the heat transfer, and the work 
required? 

8.103 A rigid tank contains 4 kg air at 200°C, 4 MPa that 
acts as the hot-energy reservoir for a heat engine 
with its cold side at 20°C, shown in Fig. P8.103. 
FI eat transfer to the heat engine cools the air down 
in a reversibleprocessto afinal 20°C and then stops. 
Find the final air pressure and the work output of 
the heat engine. 



Polytropic Processes 

8.104 An ideal gas having a constant specific heat under- 
goes a reversible polytropic expansion with expo- 
nent n = 1.4. If the gas is carbon dioxide, will the 
heat transfer for this process be positive, negative, 
or zero? 

8.105 Repeat the previous problem for the gas carbon 
monoxide, CO. 

8.106 Neon at 400 kPa, 20°C is brought to 100°C in a 
polytropic process with n = 1.4. Give the sign for 
the heat transfer and work terms and explain. 

8.107 A piston/cylinder contains air at 300 K, 100 kPa. 
It is now compressed in a reversible adiabatic pro- 
cess to a vol ume seven ti mes as smal I . U se constant 
heat capaci ty and find thefinal pressure and tern per- 
ature, the specific work, and specific heat transfer 
for the process. 

8.108 A piston/cylinder setup contains 1 kg of methane 
gas at 100 kPa, 20°C. The gas is compressed re- 
versibly to a pressure of 800 kPa. Calculate the 
work required if the process is adiabatic. 

8.109 Do the previous problem but assume that the pro- 
cess is isothermal. 

8.110 Do Problem 8.108 and assume that the process is 
polytropic with n = 1.15. 

8.111 Plot combustion air at 1500 K expands in a poly- 
tropic process to a volume six times as large with 
n = 1.5. Find the specific boundary work and the 
specific heat transfer. 

8.112 A mass of 1 kg of air contained in a cylinder at 1.5 
M Pa and 1000 K expands in a reversible adiabatic 
process to 100 kPa. Calculate the final temperature 
and the work done during the process, using 

a. Constant specific heat (value from Table A. 5). 

b. The ideal gas tables (Table A. 7). 

8.113 FI el i urn in a piston/cylinder assembly at 20°C, 
100 kPa is brought to 400 Kina reversible poly- 
tropic process with exponent n = 1.25. You may 
assume that helium is an ideal gas with constant 
specific heat. Find thefinal pressure and both the 
specific heat transfer and specific work. 

8.114 The power stroke in an internal combustion engine 
can be approximated with a polytropic expansion. 
Consider air in a cylinder volume of 0.2 L at 7 
M Pa, 1800 K, shown in Fig. P8. 114. it now expands 
in a reversible polytropic process with exponent/! 
= 1.5, through a volume ratio of 8:1. Show this 


FIGURE P8.103 
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process on P-v and T-s diagrams, and calculate 
the work and heat transfer for the process. 



8.115 A piston/cylinder device contains saturated vapor 
R-410a at 10°C; the volume is 10 L. The R -410a is 
compressed to 2 M Pa at 60°C in a reversible poly- 
tropic process. Find the polytropic exponent n, and 
calculate the work and heat transfer. 

8.116 A piston/cylinder setup contains air at ambient con- 
ditions, 100 kPa, 20°C, with a volume of 0.3 m 3 . 
The air is compressed to 800 kPa in a reversible 
polytropic process with exponent n = 1.2, after 
which it is expanded back to 100 kPa in a reversible 
adiabatic process. 

a. Show the two processes in P- vand T-s diagrams. 

b. Determine the final temperature and the net 
work. 

Entropy Generation 

8.117 One kilogram of water at 500°C and 1 kg of sat- 
urated water vapor, both at 200 kPa, are mixed in 
a constant-pressure adiabatic process. Find the fi- 
nal temperature and the entropy generation for the 
process. 

8.118 A computer chip dissipates 2 kj of electric work 
over time and rejects that as heat transfer from its 
50°C surfaceto 25°C air. Flow much entropy i s gen- 
erated in the chip? Flow much, if any, is generated 
outside the chip? 

8.119 The unrestrained expansion of the reactor water in 
Problem 5.50 has a final state in the two-phase re- 
gion. Find the entropy generated in the process. 

8.120 A car uses in average power of 25 hp for a one-hour 
round trip. With a thermal efficiency of 35%, how 
much fuel energy was used? What happened to all 
the energy? W hat change in entropy took place if 
weassumeambientat20°C and neglect theentropy 
change of the fuel conversion? 

8.121 Ammonia is contained in a rigid sealed tank of un- 
known quality at 0°C. When heated in boiling water 


to 100°C, its pressure reaches 1200 kPa. Find the 
initial quality, the specific heat transfer to the am- 
monia, and the specific total entropy generation. 

8.122 An insulated piston/cylinder arrangement contains 
R-134a at 1 M Pa, 50°C, with a volume of 100 L. 
The R-134a expands, moving the piston until the 
pressure in the cylinder has dropped to 100 kPa. 
It is claimed that the R-134a does 190 kj of work 
against the piston during the process. Is that possi- 
ble? 

8.123 A piece of hot metal should be cooled rapidly 
(quenched) to 25°C, which requires removal of 
1000 kj from the metal. There are three possible 
waysto remove thisenergy: (1) Submerge themetal 
in a bath of liquid water and ice, thus melting the 
ice. (2) Let saturated liquid R-410a at -20°C ab- 
sorb the energy so that it becomes saturated vapor. 
(3) Absorb the energy by vaporizing liquid nitrogen 
at 101.3 kPa pressure. 

a. Calculate the change in entropy of the cooling 
medium for each of the three cases. 

b. Discuss the significance of the results. 

8.124 A cylinder fitted with a movable piston contains 
water at 3 M Pa with 50% quality, at which point 
the volume is 20 L. The water now expands to 
1.2 M Pa as a result of receiving 600 kj of heat 
from a large source at 300°C. It is claimed that the 
water does 124 kj of work during this process. Is 
this possible? 

8.125 A mass- and atmosphere- loaded piston/cyl i nder de- 
vice contains 2 kg of water at 5 M Pa, 100°C. FI eat 
is added from a reservoir at 700°C to the water 
until it reaches 700°C. Find the work, heat trans- 
fer, and total entropy production for the system and 
surroundings. 

8.126 A piston/cylinder setup contains 1 kg of water at 
150 kPa, 20°C. The piston is loaded so that pres- 
sure is I i near i n vol ume. FI eat is added from a 600°C 
source until the water is at 1 M Pa, 500°C. Find the 
heat transfer and total change in entropy. 

8.127 A piston/cylinder assembly contains water at 200 
kPa, 200°C with a volume of 20 L. The piston is 
moved slowly, compressing the water to a pressure 
of 800 kPa. The loading on the piston is such that 
the product PI/ is a constant. Assuming that the 
room temperature is 20°C, show that this process 
does not violate the second law. 
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8.128 A piston/cylinder device keeping a constant pres- 
sureof 500 kPa has 1 kg of water at20°C and 1 kg of 
water at 100°C separated by a membrane, shown in 
Fig. P8.128. The membrane is broken and the wa- 
ter comes to a uniform state with no external heat 
transfer. Find the final temperature and the entropy 
generation. 



F = constant 


8.129 A piston/cylinder setup has 2.5 kg of ammonia at 
50 kPa, -20°C. Now it is heated to 50°C at con- 
stant pressure through the bottom of the cylinder 
from external hotgasat200°C. Find the heat trans- 
fer to theammoniaand the total entropy generation. 

8.130 R epeat the previous problem but i ncl ude the piston/ 
cylinder steel mass of 1 kg that we assume has the 
sameT as the ammonia at any time. 

8.131 A piston/cylinder has ammonia at 2000 kPa, 80°C 
with a volumeof 0.1 m 3 . The piston is loaded with 
a linear spring, and the outside ambient air is at 
20°C, shown in Fig. P8.131. The ammonia now 
cools down to 20°C, at which point it has a qual- 
ity of 10%. Find the work, heat transfer, and total 
entropy generation in the process. 


Find the total entropy generation for the process, 
assuming the R-134a remains a liquid. 

8.133 Two 5 kg blocks of steel, one at 250°C and the 
other at 25°C, come in thermal contact. Find the 
final temperature and the total entropy generation 
in the process. 

8.134 Reconsider Problem 5.60, where carbon dioxide is 
compressed from -20°C , x = 0.75 to 3 M Pa, 20°C 
in a piston/cylinder where pressure is linear in vol- 
ume. Assume heat transfer is from a reservoir at 
100°C and find the specific entropy generation in 
the process (external to the carbon dioxide). 

8.135 One kilogram of ammonia (N H 3 ) is contained in a 
spring-loaded piston/cylinder, Fig. P8.135, as satu- 
rated liquid at -20°C. FI eat is added from a reser- 
voir at 100°C until a final condition of 800 kPa, 
70°C is reached. Find the work, heat transfer, and 
entropy generation, assuming the process is inter- 
nally reversible. 



FIGURE P8.135 
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FIGURE P8.131 

8.132 A 5 kg aluminum radiator holds 2 kg of liquid 
R - 134a at -10°C. The setup is brought indoors and 
heated with 220 kj from a heat source at 100°C. 


8.136 The water in the two tanks of Problem 5.67 receives 
the heat transfer from a reservoir at 300°C. Find the 
total entropy generation due to this process. 

8.137 A piston/cylinderdeviceloaded so it gives constant 
pressure has 0.75 kg of saturated vapor water at 200 
kPa. It is now cooled so that the volume becomes 
half of the initial volume by heat transfer to the 
ambient surroundings at 20°C. Find the work, heat 
transfer, and total entropy generation. 

8.138 A piston/cylinder of 1 kg steel contains 0.5 kg am- 
monia at 1600 kPa, with both masses at 120°C. 
Some stops are placed so that a minimum volume 
is 0.02 m 3 , shown in Fig. P8.138. Now the whole 
system is cooled down to 30°C by heat transfer to 
the ambient at 20°C, and during the process the 
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steel mai ntai ns the same temperature as the ammo- 
nia. Find the work, heat transfer, and total entropy 
generation in the process. 



20°C 


Disregard the glass and any other mass and find the 
specific entropy generation. 

8.146 A rigid container with avolumeof 200L isdivided 
into two equal volumes by a partition, shown in Fig. 
P8.146. Both sides contain nitrogen; one side is at 2 
M Pa, 200°C, while the other is at 200 kPa, 100°C. 
The partition ruptures, and the nitrogen comes to a 
uniform state at 70°C . A ssume the temperature of 
the surroundi ngs to be 20°C . D etermi ne the work 
done and the net entropy change for the process. 


FIGURE P8.138 

8.139 A hollow steel sphere with a 0.5 m inside diameter 
and a 2 mm thick wall contains water at 2 M Pa, 
250°C. The system (steel plus water) cools to the 
ambient temperature, 30°C. Calculate the net en- 
tropy change of the system and its surroundings 
for this process. 

8.140 One kilogram of air at 300 K is mixed with 1 kg of 
air at 400 Kina process at a constant 100 kPa and 
Q = 0. Find the final T and the entropy generation 
in the process. 

8.141 One kilogram of air at 100 kPa is mixed with 
1 kg of air at 200 kPa, both at 300 K, in a rigid 
insulated tank. Find the final state (P, T) and the 
entropy generation in the process. 

8.142 A spring-loaded piston/cylinder setup contains 
1.5 kg of air at 27°C and 160 kPa. It is now heated 
in a process whereby pressure is linear in volume, 
p = A + 81/, to twice the initial volume where 
it reaches 900 K. Find the work, heat transfer, 
and total entropy generation assuming a source at 
900 K. 

8.143 Air in a rigid tank is at 900 K, 500 kPa and it now 
cools to the ambient temprature of 300 K by heat 
loss to the ambient. Find the entropy generation. 

8.144 A rigid storage tank of 1.5 m 3 contains 1 kg of 
argon at 30°C. FI eat is then transferred to the ar- 
gon from a furnace operating at 1300°C until the 
specific entropy of the argon has increased by 0.343 
kj/kg K . Find the total heat transfer and the entropy 
generated in the process. 

8.145 Argon in a light bulb is at 110 kPa, 70°C. The light 
is turned off, so the argon cools to theambient20°C. 


A 

B 

n 2 

n 2 


FIGURE P8.146 

8.147 N itrogen at 200°C, 300 kPa is in a piston/cylinder 
device of volume 5 L, with the piston locked with a 
pi n. T he forces on the piston requi re an i nside pres- 
sure of 200 kPa to balance it without the pin. The 
pin is removed and the piston quickly comes to its 
equilibrium position withoutany heattransfer. Find 
the final P, T, and V and the entropy generation due 
to this partly unrestrained expansion. 

8.148 A rigid tank contains 2 kg of air at 200 kPa and an 
ambient temperature of 20°C. An electric current 
now passes through a resistor inside the tank. After 
a total of 100 kj of electrical work has crossed the 
boundary, theairtemperatureinsideis80°C. Isthis 
possible? 

8.149 The air in the tank in Problem 5.117 receives the 
heat transfer from a reservoir at 450 K. Find the 
entropy generation due to the process from 1 to 3. 

8.150 Nitrogen at 600 kPa, 127°C is in a 0.5 m 3 insu- 
lated tank connected to a pipe with a valve to a sec- 
ond insulated initially empty tank with a volume of 
0.5 m 3 , shown in Fig. P8. 150. The valve is opened, 
and the nitrogen fills both tanks at a uniform state. 
Find the final pressure and temperature and the en- 
tropy generation this process causes. Why is the 
process irreversible? 
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8.151 One kilogram of carbon dioxide at 100 kPa, 500 K 
is mixed with 2 kg of carbon dioxide at 200 kPa, 
2000 Kina rigid insulated tank. Find the final state 
(P , T) and the entropy generation in the process 
using constant heat capacity from Table A .5. 

8.152 One kilogram of carbon dioxide at 100 kPa, 500 K 
is mixed with 2 kg of carbon dioxide at 200 kPa, 
2000 Kina rigid insulated tank. Find the final state 
(P, T) and the entropy generation in the process 
using TableA.8. 

8.153 A piston/cylinder device contains carbon dioxide 
at 1 M Pa, 300°C with a volume of 200 L. The total 
external force acting on the piston is proportional 
to \/ 3 . This system is allowed to cool to room tem- 
perature, 20°C. W hat is the total entropy generation 
for the process? 

8.154 A mass of 2 kg of ethane gas at 500 kPa, 100°C 
undergoes a reversible polytropic expansion with 
exponent n = 1.3 to a final ambient air tempera- 
tureof 20°C. Calculate the total entropy generation 
for the process if the heat is exchanged with the 
ambient surroundings. 

8.155 The air in the engine cylinder of Problem 5.128 
loses heat to the engine coolant at 100°C. Find the 
entropy generation (external to the air) using con- 
stant specific heat. 

8.156 A piston/cylinder setup contains 100 L of air at 
110 kPa, 25°C . T he ai r i s compressed i n a reversi ble 
polytropic process to a final stateof 800 kPa, 200°C . 
Assume the heat transfer is with the ambient sur- 
roundings at 25°C and determine the polytropic ex- 
ponent n and the final volume of the air. Find the 
work done by the ai r, heat transfer, and total entropy 
generation for the process. 

8.157 A piston/cylinder contains air at 300 K, 100 kPa. 
A reversible polytropic process with n = 1.3 brings 
the air to 500 K. Any heat transfer if it comes in 


is from a 325°C reservoir, and if it goes out it is 
to the ambient at 300 K. Sketch the process in a 
P-v and a T-s diagram. Find the specific work and 
specific heat transfer in the process. Find the spe- 
cific entropy generation (external to the air) in the 
process. 

R ates or F luxes of E ntropy 

8.158 A mass of 3 kg of nitrogen gas at 2000 K , V = C , 
cools with 500 W. What is dS/dt? 

8.159 A reversi ble heat pump uses 1 kW of power input to 
heat a 25°C room, drawing energy from the outside 
at 15°C . A ssumi ng every process is reversi bl e, what 
arethetotal ratesof entropy into the heat pump from 
the outside and from the heat pump to the room? 

8.160 A heat pump (see Problem 7.52) should upgrade 
5 M W of heat at 85°C to heat delivered at 150°C. 
For a reversible heat pump, what are the fluxes of 
entropy in and out of the heat pump? 

8.161 Reconsider the heat pump in the previous problem 
and assume it has a COP of 2.5. W hat are the fluxes 
of entropy i n and out of the heat pump and the rate 
of entropy generation inside it? 

8.162 A window receives 200 W of heat transfer at the in- 
side surface of 20°C , and transmits the 200 W from 
its outside surf ace at 2°C, continuing to ambient air 
at-5°C. Find the flux of entropy at all three sur- 
faces and the window’s rate of entropy generation. 

8.163 An amount of power, say 1000 kW, comes from a 
furnace at 800°C going into water vapor at 400°C. 
From the water the power goes to solid metal at 
200°C and then into someairat70°C. For each lo- 
cation calculate the flux of s as (Q/T), What makes 
the flux larger and larger? 

8.164 Room air at 23°C is heated by a 2000 W space 
heater with a surface filament temperature of 
700 K, shown in Fig. P8.164. The room at steady 
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state I oses heat to theoutside, which isat7°C. Find 
the rate(s) of entropy generation and specify where 
it is made. 

8.165 A car engine block receives 2 kW at its surface of 
450 K from hot combustion gases at 1500 K . N ear 
the cooling channel, the engine block transmits 
2 kW out at its 400 K surface to the coolant flow- 
ing at 370 K . Finally, in the radiator, the coolant at 
350 K delivers the 2 kW to air that is at 25°C. 
Find the rate of entropy generation inside the en- 
gine block, insidethecoolant, and in the radiator/air 
combination. 

8.166 Consider an electric heater operating in steady state 
with 1 kW electric power input and a surface tem- 
perature of 600 K that gives out heat transfer to the 
room air at 22°C. W hat is the rate of entropy gen- 
eration in the heating element? What is it outside? 

8.167 The automatic transmission i n a car receives 25 kW 
shaft work and gives out 24 kW to the drive shaft. 
The balance is dissipated in the hydraulic fluid and 
metal casing, all at 45°C, which in turn transmits 
it to the outer atmosphere at 20°C . W hat is the rate 
of entropy generation inside the transmission unit? 
What is it outside the unit? 

8.168 A farmer runs a heat pump using 2 kW of power in- 
put. 1 1 keeps a chicken hatchery at a constant 30°C , 
while the room loses 10 kW to the colder outside 
ambient air at 10°C. What is the rate of entropy 
generated in the heat pump? What is the rate of 
entropy generated in the heat loss process? 


Review Problems 

8.169 A device brings 2 kg of ammonia from 150 kPa 
and -20°C to 400 kPa and 80°C in a polytropic 
process. Find the polytropic exponent, n, the work, 
and the heat transfer. Find the total entropy gener- 
ated assumi ng a source at 100°C . 

8.170 An insulated piston/cylinder arrangement has an 
initial volume of 0.15 m 3 and contains steam at 400 
kPa, 200°C. The steam is expanded adiabatically, 
and the work output is measured very carefully to 
be 30 kj . It is claimed that the final state of the water 
is in the two-phase (liquid and vapor) region. W hat 
is your evaluation of the claim? 

8.171 Water in a piston/cylinder shown in Fig. P8.171 is 
at 1 M Pa, 500°C. There are two stops: a lower one 
at l/min = 1 m 3 and an upper one at V max = 3 m 3 . 


The piston is loaded with a mass and outside at- 
mosphere such that it floats when the pressure is 
500 kPa. This setup is now cooled to 100°C by re- 
jecting heat to the surroundings at 20°C. Find the 
total entropy generated in the process. 



FIGURE P8.171 


8.172 Assume that the heat transfer in Problem 5.63 came 
from a 200°C reservoir. What is the total entropy 
generation in the process? 

8.173 A closed tank, V = 10 L, containing 5 kg of wa- 
ter initially at 25°C, is heated to 175°C by a heat 
pump that is receiving heat from the surroundings 
at 25°C . A ssume that this process i s reversi bl e. F i nd 
the heat transfer to the water and the work input to 
the heat pump. 

8.174 A piston/cylinder contains 3 kg of water at 500 
kPa, 600°C. The piston has a cross-sectional area 
of 0.1 m 2 and is restrained by a linear spring with 
spring constant 10 kN/m. The setup is allowed to 
cool down to room temperature due to heat trans- 
fer to the room at 20°C. Calculate the total (wa- 
ter and surroundings) change in entropy for the 
process. 

8.175 A cylinder fitted with a frictionless piston con- 
tains water, as shown in Fig. P8.175. A constant 
hydraulic pressure on the back face of the piston 
maintains a cylinder pressure of 10 M Pa. Initially, 
the water is at 700°C, and the volume is 100 L. The 
water is now cooled and condensed to saturated liq- 
uid. The heat released during this process is theQ 
supply to a cyclic heat engine that in turn rejects 
heat to the ambient air at 30°C. If the overall pro- 
cess is reversible, what is the net work output of the 
heat engine? 
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8.176 A resistor in a heating element is a total of 0.5 kg 
with specific heat of 0.8 kj/kg K . It is now receiv- 
ing 500 W of electric power, so it heats from 20°C 
to 150°C . N eglect external heat loss and find how 
much time the process took and the entropy gener- 
ation. 

8.177 Two tanks contain steam, and they are both con- 
nected to a piston/cylinder, as shown in Fig. P8.177. 
Initially, the piston is at the bottom, and the mass of 
the piston is such that a pressure of 1.4 M Pa below 
it will be able to lift it. Steam in A has a mass of 4 kg 
at 7 M Pa, 700°C , and B has 2 kg at 3 M Pa, 350°C . 
The two valves are opened, and the water comes to 
a uniform state. Find the final temperature and the 
total entropy generation, assuming no heat transfer. 



8.178 A cylinder fitted with a piston contains 0.5 kg 
of R-134a at 60°C, with a quality of 50%. The 


R-134a now expands in an internally reversible 
polytropic process to the ambient temperature of 
20°C, at which point the quality is 100%. Any 
heat transf er i s w i th a co nstant- tern peratu re so u rce, 
which is at 60°C. Find the polytropic exponent n 
and show that this process satisfies the second law 
of thermodynamics. 

8.179 A rigid tank with 0.5 kg ammonia at 1600 kPa, 
160°C is cooled in a reversible process by giving 
heat to a reversible heat engine that has its cold side 
at ambient 20°C, shown in Fig. P8.179. The ammo- 
nia eventually reaches 20°C and the process stops. 
Find the heat transfer from theammonia to the heat 
engine and the work output of the heat engine. 



8.180 A piston/cylinder with constant loading of the pis- 
ton contains 1 L water at 400 kPa, quality 15%. It 
has some stops mounted, so the maximum possible 
volume is 11 L . A reversible heat pump extracting 
heat from the ambient air at 300 K, 100 kPa heats 
the water to 300°C. Find the total work and heat 
transfer for the water and the work input to the heat 
pump. 

8.181 A cylinder with a linear spring-loaded piston con- 
tains carbon dioxide gas at 2 M Pa with a volume 
of 50 L . The device is of aluminum and has a mass 
of 4 kg. Everything (aluminum and gas) is initially 
at200°C. By heat transfer the whole system cools 
to theambienttemperatureof 25°C, at which point 
the gas pressure is 1.5 M Pa. Find the total entropy 
generation for the process. 

8.182 An uninsulated cylinder fitted with a piston con- 
tains air at 500 kPa, 200°C, at which point the vol- 
ume is 10 L. The external force on the piston is now 
varied in such a manner that the air expands to 150 
kPa, 25 L volume, it is claimed that in this process 
the air produces 70% of the work that would have 
resulted from a reversible adiabatic expansion from 
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the same initial pressure and temperature to the 
same final pressure. Room temperature is 20°C 

a. W hat is the amount of work claimed? 

b. Isthis claim possible? 

8.183 A piston/cylinder assembly contains 2 kg of liquid 
water at 20°C, 100 kPa, and it is now heated to 
300°C by a source at 500°C. A pressure of 1000 
kPa will lift the piston off the lower stops, as shown 
in Fig. P8.183. Find the final volume, work, heat 
transfer, and total entropy generation. 



8.184 A gas in a rigid vessel is at ambient temperature 
and at a pressure, Pi, slightly higher than ambient 
pressure, P 0 . A valve on the vessel isopened, so gas 
escapes and the pressure drops quickly to ambient 
pressure. The valve is closed, and after a long time 
the remaining gas returns to ambient temperature, 
at which point the pressure is P 2. Develop an ex- 
pression that allows a determination of the ratio of 
specific heats, k, in terms of the pressures. 

8.185 A small halogen lightbulb receives electrical power 
of 50 W. The small filament is at 1000 K and gives 
out 20% of the power as light and the rest as heat 
transfer to the gas, which is at 500 K ; the glass is 
at 400 K. All the power is absorbed by the room 
walls at 25°C. Find the rate of generation of en- 
tropy in the filament, in the entire bulb includ- 
ing the glass, and in the entire room including the 
bulb. 
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8.186 Water at 20 psia, 240 F receives 40 Btu/lbm in 
a reversible process by heat transfer. W hich pro- 
cess changes s the most: constant T, constant v, 
or constant P? 

8.187 Saturated water vapor at 20 psia is compressed to 
60 psia in a reversible adiabatic process. Find the 
change in v and T . 

8.188 Consider the steam power plant in Problem 
7.127E and show that this cycle satisfies the in- 
equality of Clausius. 

8.189C Find the missing properties and give the phase of 
the substance. 

a. H 2 0 s = 1.75 Btu/lbm R, h = ?T = ? 

P= 4 lbf/in. 2 x = ? 

b. H 2 0 u = 1350 Btu/lbm, T=?x = ? 

P = 1500 lbf/in. 2 s = ? 
8.190c Determinethemissing property among P, T, s, and 
xfor R-410a at 

a. T = - 20 F, v = 3.1214 ft 3 /lbm 

b. T = 60 F, v = 0.3121 ft 3 /lbm 

c. P = 30 psia, s = 0.3425 Btu/lbm-R 

8.191 Find the missing properties of P,v, s, and x for 
ammonia (N H 3). 


a. T = 190 F, P = 100 psia 

b. T = 80F,P = 15 psia 

c. 7 = 120 F, v = 1.6117 ft 3 /lbm 

8.192 In a Carnot engine with water as the working fluid, 
the high temperature is 450 F, and as Q H is re- 
ceived, the water changes from saturated liquid 
to saturated vapor. The water pressure at the low 
temperature is 14.7 lbf/in. 2 . Find T L , cycle ther- 
mal efficiency, heat added per pound-mass, and 
entropy, s, at the beginning of the heat rejection 
process. 

8.193E Water at 30 1 bf/i n. 2 , x = 1.0 iscompressed in a pis- 
ton/cylinder to 140 lbf/in. 2 , 600 F in a reversible 
process. Find the sign for the work and the sign 
for the heat transfer. 

8.194C R-410a at 150 psia and 140 F is expanded in a 
piston/cylinder to 75 psia, 80 F in a reversible 
process. Find the sign for both the work and the 
heat transfer for this process. 

8.195E Consider a Carnot-cycle heat pump with R-410a 
as the working fluid. FI eat is rejected from the 
R-410a at 100 F, during which process the R- 
410a changes from saturated vapor to saturated 
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liquid. The heat is transferred to the R-410a at 
30 F. 

a. Show the cycle on a T-s diagram. 

b. Fi nd the quality of the R-410a at the beginning 
and end of the isothermal heat addition process 
at 30 F. 

c. Determine the COP for the cycle. 

8.196E Do Problem 8.195E using refrigerant R-134a in- 
stead of R-410a. 

8.197E A cylinder fitted with a piston contains ammonia 
at 120 F, 20% quality with a volumeof 60 in. 3 . The 
ammonia expands slowly, and during this process 
heat is transferred to maintain a constant temper- 
ature. The process continues until all the liquid 
is gone. Determine the work and heat transfer for 
this process. 

8.198E One pound-mass of water at 600 F expands 
against a piston in a cylinder until it reaches am- 
bient pressure, 14.7 lbf/in. 2 , at which point the 
water has a quality of 90%. It may be assumed 
that the expansion is reversible and adiabatic. 

a. What was the initial pressure in the cylinder? 

b. Flow much work is done by the water? 

8.199E A closed tank, V = 0.35 ft 3 , containing 10 Ibm 

of water initially at 77 F is heated to 350 F by 
a heat pump that is receiving heat from the sur- 
roundings at 77 F. Assume that this process is 
reversible. Find the heat transfer to the water and 
the work input to the heat pump. 

8.200 A rigid, insulated vessel contains superheated va- 
por steam at 450 lbf/in. 2 , 700 F. A valve on the ves- 
sel is opened, allowing steam to escape, it may be 
assumed that the steam remaining inside the ves- 
sel goes through a reversible adiabatic expansion. 
Determine the fraction of steam that has escaped 
when the final state inside is saturated vapor. 
8.201E A cylinder containing R-134a at 50 F, 20 lbf/in. 2 
has an initial volumeof lft 3 . A piston compresses 
the R-134a in a reversible isothermal process un- 
til it reaches the saturated vapor state. Calculate 
the work and heat transfer requi red to accompl i sh 
this process. 

8.202E Two 5 Ibm blocks of steel, one at 500 F and the 
other at 80 F, come in thermal contact. Find the 
final temperature and the change in the entropy 
of the steel . 

8.203 A foundryformboxwith50lbmof400F hotsand 
is dumped into a bucket with 2 ft 3 water at 60 F. 


Assuming no heat transfer with the surroundings 
and no boiling away of liquid water, calculate the 
net entropy change of the masses. 

8.204! Four poundsof liquid lead at 900 F are poured into 
a form. It then cools at constant pressure down to 
room temperature at 68 F as heat is transferred 
to the room. The melting point of lead is 620 F, 
and the enthalpy change between the phases h if 
is 10.6 Btu/lbm. The specific heats are found in 
Tables, F.2 and F.3. Calculate the entropy change 
of the lead. 

8.205 A 5 Ibm aluminum radiator holds 2 Ibm of liq- 
uid R-134a at 10 F. The setup is brought indoors 
and heated with 220 Btu. Find the final temper- 
ature and the change in entropy of the complete 
mass. 

8.206 ? R -410a at 60 psia is brought from 60 F to 240 F in 

a constant-pressure process. Evaluate the change 
in specific entropy using Table F. 9 and using ideal 
gas with C p = 0.1935 Btu/lbm-R. 

8.207C Oxygen gas in a piston/cylinder at 500 R, 1 atm 
withavolumeoflft 3 is co m pressed i n a reversi bl e 
adi abati c process to a fi nal temperature of 1000 R . 
Findthefinal pressure and volume, usingconstant 
heat capacity from Table F.4. 

8.208E Oxygen gas in a piston/cylinder at 500 R, and 

1 atm with a volume of 1 ft 3 is compressed in 
a reversible adiabatic process to a final tempera- 
ture of 1000 R. Findthefinal pressure and volume 
using Table F.6. 

8.209 A handheld pump for a bicycle has a volume of 

2 in. 3 when fully extended. You now press the 
plunger (piston) in whi I e hoi ding your thumb over 
the exit hole so an that air pressure of 45 lbf/in. 2 
is obtained. The outside atmosphere is at P 0 , T 0 . 
Consider two cases: (1) it is done quickly (~1 s), 
and (2) it is done very slowly (~1 h). 

a. State assumptions about the process for each 
case. 

b. Find the final volumeand temperature for both 
cases. 

8.210E A piston/cylinder contains air at 2500 R, 2200 
lbf/in. 2 , with Vi = 1 in. 3 , A cy i = 1 in. 2 , as shown 
in Fig. P8.97. The piston is released, and just be- 
fore the piston exits the end of the cylinder, the 
pressure inside is 30 lbf/in. 2 . If the cylinder is 
insulated, what is its length? Flow much work is 
done by the air inside? 
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8.211E A 25 ft 3 insulated, rigid tank contains air at 110 
lbf/in. 2 , 75 F. A valve on the tank is opened, and 
the pressure inside quickly drops to 15 lbf/in. 2 , 
at which point the valve is closed. Assuming 
that the air remaining inside has undergone a re- 
versible adiabatic expansion, calculate the mass 
withdrawn during the process. 

8.212 Helium in a piston/cylinder at 70 F, 15 lbf/in. 2 is 
brought to 720 Rina reversible polytropic pro- 
cess with exponent n = 1.25. You may assume 
that helium is an ideal gas with constant specific 
heat. Find the final pressure and both the specific 
heat transfer and specific work. 

8.213/ A piston/cylinder contains air at ambient con- 
ditions, 14.7 lbf/in. 2 , 70 F, with a volume of 
10 ft 3 . The air is compressed to 100 lbf/in. 2 in 
a reversible polytropic process with exponent, 
n — 1.2, after which it is expanded back to 14.7 
lbf/in. 2 in a reversible adiabatic process. Show 
the two processes in P-v and T-s diagrams and 
determine the final temperature and network. 

8.214E A computer chip di ssi pates 2 Btu of electric work 
over time and rejects that as heat transfer from 
its 125 F surface to 70 F air. How much entropy 
is generated in the chip? How much, if any, is 
generated outside the chip? 

8.215/ An insulated piston/cylinder contains R-134a at 
150 lbf/in. 2 , 120 F, with a volume of 3.5 ft 3 . The 
R-134a expands, moving the piston until thepres- 
sure in the cylinder has dropped to 15 lbf/in. 2 . 
It is claimed that the R-134a does 180 Btu of 
work against the piston during the process. Is that 
possible? 

8.216E A mass- and atmosphere- loaded piston/cylinder 
contains 4 Ibm of water at 500 lbf/in. 2 , 200 F. 
Heat is added from a reservoir at 1200 F to the 
water until it reaches 1200 F. Find the work, heat 
transfer, and total entropy production for the sys- 
tem and its surroundings. 

8.217 A 1 gal jug of milk at 75 F is placed in your refrig- 
erator, where it i s cooled dow n to the ref ri gerator’s 
inside temperature of 40 F. Assume the milk has 
the properties of liquid water and find the entropy 
generated in the cooling process. 

8.218E A piston/cylinder contains water at 30 lbf/in. 2 , 
400 F with a volume of 1 ft 3 . The piston is moved 
slowly, compressing the waterto a pressureof 120 


lbf/in. 2 . The loading on the piston is such that the 
product P V is a constant. A ssuming that the room 
temperature is 70 F, show that this process does 
not violate the second law. 

8.219E Two 10 Ibm blocks of steel, one at 400 F and the 
other at 70 F, come in thermal contact. Find the 
final temperature and the total entropy generation 
in the process. 

8.220;? One pound-mass of ammonia (N H 3 ) is contained 
in a linear spring-loaded piston/cylinder as satu- 
rated liquid at 0 F. Heat is added from a reservoir 
at 225 F until a final condition of 125 lbf/in. 2 , 
160 F is reached. Find the work, heat transfer, 
and entropy generation, assuming the process is 
internally reversible. 

8.221E A hollow steel sphere with a 2 ft inside diam- 
eter and a 0.1 in. thick wall contains water at 
300 lbf/in. 2 , 500 F. The system (steel plus water) 
cools to the ambient temperature, 90 F. Calcu- 
late the net entropy change of the system and its 
surroundings for this process. 

8.222 One kilogram of air at 540 R is mixed with 1 kg 
ai r at 720 R i n a process at a constant 15 psi a and 
Q —0. Find the final T and the entropy generation 
in the process. 

8.223! One pound-mass of air at 15 psia is mixed with 
1 Ibm air at 30 psia, both at 540 R, in a rigid in- 
sulated tank. Find the final state (P , T) and the 
entropy generation in the process. 

8.224 A ri gi d contai ner w i th vol ume 7 ft 3 is divided into 
two equal volumes by a partition. Both sides con- 
tain nitrogen; onesideisat 300 lbf/in. 2 , 400 F and 
the other is at 30 lbf/in. 2 , 200 F. The partition rup- 
tures, and the nitrogen comes to a uniform state 
at 160 F. Assuming the temperature of the sur- 
roundings is 68 F, determine the work done and 
the net entropy change for the process. 

8.2251: Nitrogen at 90 lbf/in. 2 , 260 F is in a 20 ft 3 in- 
sulated tank connected to a pipe with a valve to 
a second insulated, initially empty tank of vol- 
ume 20 ft 3 . The valve is opened, and the nitrogen 
fills both tanks. Find the final pressure and tem- 
perature and the entropy generation this process 
causes. Why is the process irreversible? 

8.226E A piston/cylinder contains carbon dioxide at 
150 lbf/in. 2 , 600 F with a volume of 7 ft 3 . 
The total external force acting on the piston is 
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proportional to l/ 3 . Thissystem is al lowed to cool 
to room temperature, 70 F. What is the total en- 
tropy generation for the process? 

8.227E A piston/cylinder contains 4 ft 3 of air at 16 
lbf/in. 2 , 77 F. The air is compressed in a reversi ble 
polytropic process to a final state of 120 lbf/in. 2 , 
400 F. Assume the heat transfer is with the am- 
bient air at 77 F and determine the polytropic 
exponent n and the final volume of the air. Find 
the work done by the air, heat transfer, and total 
entropy generation for the process. 

8.228 E A reversible heat pump uses 1 kW of power in- 
put to heat a 78 F room, drawing energy from 
the outside at 60 F. Assuming every process is 
reversible, what are the total rates of entropy into 
the heat pump from the outside and from the heat 
pump to the room? 

8.229E A window receives 600 Btu/h of heat transfer at 
the inside surface of 70 F and transmits the 600 
Btu/h from its outside surface at 36 F, continuing 
to ambient air at 23 F. Find the flux of entropy at 
al I three surfaces and the w i ndow 's rate of entropy 
generation. 

8.230 A farmer runs a heat pump using 2.5 hp of power 
input. It keeps a chicken hatchery at a constant 
86 F, while the room loses 20 Btu/s to the colder 
outside ambient air at 50 F. W hat is the rate of 


entropy generated in the heat pump? W hat is the 
rate of entropy generated in the heat loss process? 

8.231 Water in a piston/cylinder is at 150 lbf/in. 2 , 
900 F, as shown in Fig. P8.171. There are two 
stops: a lower one at l/ min = 35 ft 3 and an upper 
one at V max = 105 ft 3 . The piston is loaded with 
a mass and outside atmosphere such that it floats 
when the pressure is 75 lbf/in. 2 . This setup is now 
cooled to 210 F by rejecting heat to the surround- 
ings at 70 F. Find the total entropy generated in 
the process. 

8.232 A piston/cylinder contains 5 Ibm of water at 80 
lbf/in. 2 , 1000 F. The piston has a cross-sectional 
area of 1 ft 2 and is restrained by a linear spring 
with spring constant 60 lbf/in. The setup is al- 
lowed to cool down to room temperature due to 
heat transfer to the room at 70 F. Calculate the 
total (water and surroundings) change in entropy 
for the process. 

8.233 A cylinder with a linearspring-loaded piston con- 
tains carbon dioxidegas at 300 lbf/in. 2 with a vol- 
ume of 2 ft 3 . T he devi ce is of aluminum and has a 
mass of 8 Ibm. Everything (aluminum and gas) is 
initially at 400 F. By heat transfer the whole sys- 
tem cools to the ambient temperature of 77 F, at 
which point the gas pressure is 220 lbf/in. 2 . Find 
the total entropy generation for the process. 


COMPUTER, DESIGN, AND OPEN-ENDED PROBLEMS 


8.234 Write a computer program to solve Problem 8.71 
using constant specific heat for both the sand and 
the liquid water. Let the amount and the initial tem- 
peratures be input variables. 

8.235 Write a program to solve Problem 8.78 with the 
thermal storage rock bed in Problem 7.65. Let 
the size and temperatures be input variables so that 
the heat engine work output can be studied as a 
function of the system parameters. 

8.236 Write a program to solve the following problem. 
One of the gases listed in Table A. 6 undergoes a 
reversible adiabatic process in a cylinder from Pi, 
T i to P 2 . We wish to calculate the final temperature 
and the work for the process by three methods: 

a. Integrating the specific heat equation. 

b. Assuming constant specific heat at temperature, 
T i. 


c. Assuming constant specific heat at the average 
temperature (by iteration). 

8.237 W ritea program to solve Problem 8.87. Let the ini- 
tial state and the expansion ratio be input variables. 

8.238 W ritea program to solvea problem similarto Prob- 
lem 8.112, but instead of the ideal gas tables, use 
the formula for the specific heat as a function of 
temperature in Table A .6. 

8.239 W ritea program to study a general polytropic pro- 
cess in an ideal gas with constant specific heat. Take 
Problem 8.106 as an example. 

8.240 W rite a program to solve the general case of Prob- 
lem 8.114, in which the initial state and the expan- 
sion ratio are input variables. 

8.241 A piston/cylinder maintaining constant pressure 
contai ns 0.5 kg of water at room temperature, 20°C , 
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100 kPa. A n electric heater of 500 W heats the wa- 
ter to 500°C. Assume no heat losses to the ambient 
air and plot the temperature and total accumulated 
entropy production as a function of time. Investi- 
gate the first part of the process, namely, bringing 
the water to the boiling point, by measuring it in 
your kitchen and knowing the rate of power added. 

8.242 Air in a piston/cylinder is used as a small air spring 
that should support a steady load of 200 N . A ssume 
that the load can vary with ±10% over a period of 
1 s and that the displacement should be limited to 
±0.01 m. Forsomechoiceof sizes, show the spring 
displacement, x, as a function of load and compare 


that to an elastic linear coil spring designed for the 
same conditions. 

8.243 Consider a piston/cylinder arrangement with am- 
monia at -10°C , 50 kPa that is compressed to 200 
kPa. Examine the effect of heat transfer to/from the 
ambient air at 15°C on the process and the required 
work. Somelimiting processes area reversible adi- 
abatic compression giving an exit temperature of 
about 90°C and, as mentioned in the text, an isother- 
mal compression. Evaluate the work and heat trans- 
fer for both cases and for cases in between, assum- 
ing a polytropic process. Which processes, are ac- 
tually possible, and how would they proceed? 


Second-Law Analysis 
for a Control Volume 


In the preceding two chapters we discussed the second law of thermodynamics and the 
thermodynamic property entropy. As was done with the first-1 aw analysis, we now consider 
the more general application of these concepts, the control volume analysis, and a num- 
ber of cases of special interest. We will also discuss usual definitions of thermodynamic 
efficiencies. 


9.1 


THE SECOND LAW OF THERMODYNAMICS FOR 
A CONTROL VOLUME 


The second law of thermodynamics can be applied to a control volume by a procedure 
similar to that used in Section 6.1, where the first law was developed for a control volume. 
We start with the second law expressed as a change of the entropy for a control mass in a 
rate form from Eq. 8.43, 


(9.i) 

to which we now will add the contributions from the mass flow rates in and out of the 
control volume. A simple example of such a situation is illustrated in Fig. 9.1. The flow of 
mass does carry an amount of entropy, s, per unit mass flowing, but it does not give rise to 
any other contributions. Asa process may take place in the flow, entropy can be generated, 
but this is attributed to the space it belongs to (i.e., either inside or outside of the control 
volume). 

The balance of entropy as an equation then states that the rate of change in total 
entropy inside the control volumeisequal to the net sum of fluxes across the control surface 
plus the generation rate. That is, 

rate of change = + in - out+ generation 


or 


d Sc.v. 
dt 


J2 ™' s ' - ^ eSe + 


'gen 


(9.2) 


These fluxes are mass flow rates carrying a level of entropy and the rate of heat trans- 
fer that takes place at a certain temperature (the temperature at the control surface). The 
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FIGURE 9.1 The 

entropy balance for a 
control volume on a rate 
form. 



0 ft 0 


accumulation and generation terms cover the total control volume and are expressed in the 
lumped (integral form), so that 

S c .v. = J psdV = m c . v .s =m A s A +m B s B +m c s c H 

5 gen = J PSgen d 1/ = Sgen. /I + Sgen. B + 5gen. C + ' ' ' (9.3) 

If the control volume has several different accumulation units with different fluid states and 
processes occurring in them, we may have to sum the various contributions over the different 
domains. If the heat transfer is distributed over the control surface, then an integral has to 
be done over the total surface area using the local temperature and rate of heat transfer per 
unit area, Q/A, as 


v- o c.v. _ f ^_o_ _ f (Q /a) j A 
^ T -J T - .L ace T 


(9.4) 


These distributed cases typically require a much more detailed analysis, which is beyond 
the scope of the current presentation of the second law. 

The generation term(s) in Eq. 9.2 from a summation of individual positive internal- 
irreversibility entropy-generation terms in Eq. 9.3 is necessarily positive (or zero), such that 
an inequality is often written as 


d Sc.v, 
dt 



mi Sj - 


E ^ + E 



(9.5) 


TftBWNET 


Now the equality applies to internally reversible processes and the inequality to internally 
irreversible processes. The form of the second law in Eq. 9.2 or 9.5 is general, such that any 
particular case results in a form that is a subset (simplification) of this form. Examples of 
various classes of problems are illustrated in the following sections. 

If there is no mass flow into or out of the control volume, it simplifies to a control 
mass and the equation for the total entropy reverts back to Eq. 8.43. Since that version of 
the second law has been covered in Chapter 8, here we will consider the remaining cases 
that were done for the first law of thermodynamics in Chapter 6. 
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9.2 


THE STEADY-STATE PROCESS 
AND THE TRANSIENT PROCESS 


We now consider in turn the application of thesecond-law control volume equation, Eq. 9.2 
or 9.5, to the two control volume model processes developed in Chapter 6. 


Steady-State Process 

For the steady-state process, which has been defined in Section 6.3, we conclude that there 
is no change with time of the entropy per unit mass at any point within the control volume, 
and therefore the first term of Eq. 9.2 equals zero. That is, 


so that, for the steady-state process, 

ri e Se - J2 n)iSi = m + V (9' 7 ) 

C.V. 

in which the various mass flows, heat transfer and entropy generation rates, and states are 
all constant with time. 

If in a steady-state process there is only one area over which mass enters the control 
volume at a uniform rate and only one area over which mass leaves the control volume at a 
uniform rate, we can write 

m(s e -s,) = £ + s gen (9.8) 

C.V. 

and dividing the mass flow rate out gives 

S e =Si +Sgen ( 9 - 9 ) 

Since Sgen is always greater than or equal to zero, for an adiabatic process it follows that 

Se = Si + Sgen > S/ (9.10) 

where the equality holds fora reversible adiabatic process. 


EXAMPLE 9.1 


Steam enters a steam turbine at a pressure of 1 M Pa, a temperature of 300°C, and a 
velocity of 50 m/s. The steam I eaves the turbine at a pressure of 150 kPa and a velocity of 
200 m/s. Determine the work per kilogram of steam flowing through the turbine, assuming 
the process to be reversible and adiabatic. 


Control volume : 
Sketch: 
Inlet state: 
Exit state: 
Process: 
Model: 


Turbine. 

Fig. 9.2. 

Fixed (Fig. 9.2). 

P e , V e known. 

Steady state, reversible and adiabatic. 
Steam tables. 
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FIGURE 9.2 Sketch 
for Example 9.1 . 


EXAMPLE 9.2 




Analysis 

The continuity equation gives us 

m e = rhj = m 

From the first law we have 

V 2 V 2 

hi + y = h e + -j- + w 

and the second law is 


S e = Si 


Solution 

From the steam tables, we get 

hi = 3051.2 kj /kg, s,- = 7.1228 kj /kg K 
The two properties known in the final state are pressure and entropy: 

P e = 0.15 MPa, s e = s, = 7.1228 kj /kg K 
The quality and enthalpy of the steam leaving the turbine can be determined as follows: 


s e = 7.1228 = s f + x e s fg = 1.4335 + x e 5.7897 
x e = 0.9827 


h e = h f + x e h fg = 467.1 + 0.9827(2226.5) 
= 2655.0 kj /kg 


Therefore, the work per kilogram of steam for this isentropic process may be found using 
the equation for the first law: 


ii/ = 3051.2 


50 x 50 
2 x 1000 


— 2655.0 — 


200 x 200 
2 x 1000 


= 377.5 kj /kg 


Consider the reversible adiabatic flow of steam through a nozzle. Steam enters the nozzle 
at 1 M Pa and 300°C, with a velocity of 30 m/s. The pressure of the steam at the nozzle 
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exit is 0.3 M Pa. Determine the exit velocity of the steam from the nozzle, assuming a 
reversible, adiabatic, steady-state process. 


Control volume : 
Sketch: 
Inlet state: 
Exit State: 
Process: 
M odel: 


Nozzle. 

Fig. 9.3. 

Fixed (Fig. 9.3). 

P e known. 

Steady state, reversible, and adiabatic. 
Steam tables. 


Analysis 

Because this is a steady-state process in which the work, heat transfer, and changes in 
potential energy are zero, we can write 

Contunuity equation: rh e = m ( = rh 

V 2 V 2 

First law: hi + -j- = /i e + y 

Second law: s e = S/ 

Solution 

From the steam tables, we have 

hi = 3051.2 kj /kg, s ( = 7.1228 kj /kg K 
The two properties that we know in the final state are entropy and pressure: 

s e = Si = 7.1228 kj /kg K, P e = 0.3 M Pa 

Therefore, 

T e = 159. 1°C, h e = 2780.2 kj /kg 
Substituting into the equation for the first law, we have 



= 305L2 - 2780 2 + TTT(i) = 2715 k)/k9 

V e = 72000H27T3 = 737 m/s 


P, = 1 MPa 
Tj = 300°C 
Vi = 30 m/s 



FIGURE 9.3 Sketch 
for Example 9.2. 


S 
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EXAMPLE 9.2E 


FIGURE 9.3E Sketch 
for Example 9.2E. 


Consider the reversible adiabatic flow of steam through a nozzle. Steam enters the nozzle 
at 100 lbf/in. 2 , 500 F with a velocity of 100 ft/s. The pressure of the steam at the nozzle 
exit is 40 lbf/in. 2 . Determine the exit velocity of the steam from the nozzle, assuming a 
reversible adiabatic, steady-state process. 


Control volume: 
Sketch: 
Inlet state: 
Exit state: 
Process: 
Model : 


Nozzle. 

Fig. 9.3E. 

Fixed (Fig. 9.3E). 

P e known. 

Steady state, reversible, and adiabatic. 
Steam tables. 


Analysis 

Because this is a steady-state process in which the work, the heat transfer, and changes in 
potential energy are zero, we can write 

Contunuity equation: rh e = m, = m 

V 2 V 2 

First law: h; + -y = h e + -y 

Second law: s e = s; 


Solution 

From the steam tables, we have 


hi = 1279.1 Btu/lbm s-, = 1.7085 Btu/lbm R 
The two properties that we know in the final state are entropy and pressure. 

s e = Si = 1.7085 Btu/lbm R, P e = 40 lbf/in. 2 

Therefore, 


T e = 314.2 F h e — 1193.9 Btu/lbm 
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EXAMPLE 9.3 


EXAMPLE 9.4 


Substituting into the equation for the first law, we have 



= 1279.1 - 1193.9 + 1 °° X _ 10 °__ o = 85.4 Btu/lbm 

2 x 32.17 x //o 

V e = s/2 x 32.17 x 778 x 85.4 = 2070 ft/s 


An inventor reports having a refrigeration compressor that receives saturated R- 134a vapor 
at -20°C and delivers the vapor at 1 M Pa, 40°C. The compression process is adiabatic. 
Does the process described violate the second law? 


Control volume : 
Inlet state: 
Exit state: 
Process: 
Model: 


Compressor. 

Fixed (saturated vapor at 7/ ). 
Fixed (P e , T e known). 

Steady state, adiabatic. 
R-134a tables. 


Analysis 

Because this is a steady-state adiabatic process, we can write the second law as 

S e > Si 

Solution 

From the R-134a tables, we read 

s e = 1.7148 kj /kg K , s, = 1.7395 kj /kg K 

Therefore, s e <s,-, whereas for this process the second law requires that s e > S/. The 
process described involves a violation of the second law and thus would be impossible. 


An air compressor in a gas station (see Fig. 9.4) takes in a flow of ambient air at 100 kPa, 
290 K and compresses it to 1000 kPa in a reversible adiabatic process. We want to know 
the specific work required and the exit air temperature. 


Solution 

C.V. air compressor, steady state, singleflow through it, and assumed adiabatic 0=0. 


Continuity Eq. 6.11 
Energy Eq. 6.12 
Entropy Eq. 9.8 
Process 


rhj = m e = m 
mhj = mh e + 1/1/ c 
msj + Sgen = rhs e 
Reversible Sgen = 0 
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FIGURE 9.4 Diagram 
for Example 9.4. 


EXAMPLE 9.4E 


p 



V 



s 



UseconstantspecificheatfromTableA.5 ; Cpo = 1.004 kj /kg K , k = 1.4. Entropy equa- 
tion gives constants, which gives the relation in Eq. 8.23: 


Si — Se =S T e — Tj 


k—1 



T e 



0.2857 


559.9 K 


The energy equation per unit mass gives the work term 


i/i/ c = hi -h e = C P0 (Ti - T e ) = 1.004(290 - 559.9) = -271 kj /kg 


An air compressor in a gas station (see Fig. 9.4) takes in a flow of ambient air at 14.7 
Ibf/in. 2 , 520 R and compresses it to 147 lbf/in. 2 in a reversible adiabatic process. We want 
to know the specific work required and the exit air temperature. 


Solution 

C.V. air compressor, steady state, single flow through it, and assumed adiabatic 0=0. 
Continuity Eq. 6.11: nii=ni e — ni 

rhhj = mh e + W c 
ms. 


Energy Eq. 6.12 
Entropy Eq. 9.8 
Process 


Sgen — fhSe 

Reversible Sg en = 0 
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Use constant specific heat from Table F.4, C P0 = 0.24 Btu/lbm R, k = 1.4. The entropy 
equation gives constants, which gives the relation in Eg. 8.23: 


(r-l 




The energy equation per unit mass gives the work term 

w c = hj -h e = C P0 (Ti - T e ) = 0.24(520 - 1003.9) = -116.1 Btu/lbm 


EXAMP A de-superheater works by injecting liquid water into a flow of superheated steam. With 


2 kg/s at 300 kPa, 200°C, steam flowing in, what mass flow rate of liquid water at 20°C 
should be added to generate saturated vapor at 300 kPa? We also want to know the rate of 
entropy generation in the process. 

Solution 

C.V. De-superheater (see Fig. 9.5), no external heat transfer, and no work. 

Continuity Eq. 6.9: rhi + m 2 = m 3 

Energy Eq. 6.10: mihi + m 2 h 2 = ^ 3/13 = ( m 1 + m 2 )hs 

Entropy Eq. 9.7: rhiSi + rh 2 S 2 + S gen = m 3 s '3 


Process: P — constant, 1/1/ = 0, and Q = 0 


All the states are specified (approximate state 2 with saturated liquid at20°C) 



h 3 = 2725.3 



B .1.2: h 2 = 83.94 



T 


2 


FIGURE 9.5 Sketch 

and diagram for Example 



300 kPa 


9.5. 
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Now we can solve for the flow rate m 2 from the energy equation, having eliminated m 3 
by the continuity equation 


m 2 


. h 1 -h 3 ^ 2865.54 — 2725.3 

mi h 3 -h 2 ~ 2 2725.3 - 83.94 


= 0.1062 kg/s 


m 3 = rhi + m 2 = 2.1062 kg/s 
Generation is from the entropy equation 
5 gen = rf) 3 s 3 - friiSi - m 2 s 2 

= 2.1062 x 6.9918 - 2 x 7.3115 - 0.1062 x 0.2966 = 0.072 kW /K 


Transient Process 

For the transient process, which was described in Section 6.5, the second law for a control 
volume, Eq. 9.2, can be written in the following form: 


^ ( ms )c.v. = £ ™ iS| ' “ £ ^ eSe + £ + s 'gen 

If this is integrated over the time interval t, we have 


(9.11) 


f 


— (ms) cv dt = (m 2 s 2 -miSi) c 


f (£ m,S;)cft = £m/S f) f (£ ™eSe) dt = £m e S e , I Sgendt = lS 2 gen 
J 0 </ 0 J 0 

Therefore, for this period of time t, we can write the second law for the transient 
process as 


(m 2 s 2 - miSi) c v 


£m/S/ -£m e S e + \ £ ^ df + r^gen 

JO r u 


(9.12) 


Si nee in this process the temperature is uniform throughout the control volume at any instant 
of time, the integral on the right reduces to 





dt 


and therefore the second law for the transient process can be written 


C.V. 


£m /S/ 



dt + iS 2 gen 


(m 2 s 2 -m iSi), 


(9.13) 
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EXAMPLE 9.6 


FIGURE 9.6 Sketch 
and diagram for Example 
9 . 6 . 


Assume an air tank has 40 L of 100 kPa air at ambient temperature 17°C. The adiabatic 
and reversible compressor is started so that it charges the tank up to a pressure of 1000 
kPa and then it shuts off. We want to know how hot the air in the tank gets and the total 
amount of work required to fill the tank. 

Solution 


C.V. compressor and air tank in Fig. 9.6 

Continuity Eq. 6.15 
Energy Eq. 6.16 
Entropy Eq. 9.13 

Process 


m 2 -m 1 = m in 

m 2 u 2 - miui = i 0 2 - 1W2 + m in h in 
m 2 s 2 -m 1 s 1 = / dQ/T + iS 2gen + m in s in 

Adiabatic i0 2 = 0, Process ideal iS 2ge n = 0, 


m 2 s 2 = misi + m-mSin = (m i + mjsi = m 2 Si => s 2 = Si 


Constantsa Eq. 8.19 s° 2 = s°i + R ln(P 2 /P,) 

s® 2 = 6.83521 + 0.287 In (10) = 7.49605 kj /kg K 
interpolate in Table A. 7 =s T 2 = 555.7 K, u 2 = 401.49 kj /kg 
mi = Pil/i/fi Ti = 100 x 0.04/(0.287 x 290) = 0.04806 kg 
m 2 = P 2 V 2 /R T 2 = 1000 x 0.04/(0.287 x 555.7) = 0.2508 kg 
=>• m in = 0.2027 kg 
il/l/ 2 =m i n/i in + m 1 ui-m 2 u 2 


= m in (290.43) + mi(207.19) - m 2 (401.49) = -31.9 kj 


Sl = Sin 


Remark: The high final temperature makes the assumption of zero heat transfer poor.The 
charging process does not happen rapidly, so there will be a heat transfer loss. We need to 
know this to make a better approximation of the real process. 



In-Text Concept Questions 

a. A reversible adiabatic flow of liquid water in a pump has increasing P. IsT increasing 
or decreasing? 

b. A reversible adiabatic flow of air in a compressor has increasing P. IsT increasing or 
decreasing? 

c. A compressor receives Ft-134a at -10°C, 200 kPa with an exit of 1200 kPa, 50°C. 
W hat can you say about the process? 

d. A flow of water at some velocity out of a nozzle is used to wash a car. The water then 
falls to the ground. What happens to the water state in terms of V, T, and s? 
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9.3 


THE STEADY-STATE SINGLE-FLOW PROCESS 


An expression can be derived forthe work in a steady-state, single- flow process that shows 
how the significant variables i nfl uence the work output. We have noted that when a steady- 
state process involves a single flow of fluid into and out of a control volume, the first law, 
Eg. 6.13, can be written as 


q + hi + ^ V 2 + gh = h e + ^W 2 e + gZ e + w 
The second law, Eg. 9.9, and recall Eg. 9.4, is 


[ Sq 

Si + Sgen + / ~j~ — Se 

which we will write in a differential form as 


SSgen + dq/T =ds => Sq = Tds -TSSgen 
To facilitate the integration and find q, we use the property relation, Eg. 8.8, and get 
Sq = T ds - T <5s g en = dh -v dP - T <5s gen 

and we now have 

r e r e r e r e r e r e 

q= Sq = / dh - vdP - T <5s gen = h e - hj - vdP - T <5s gen 
Ji Ji Ji Ji J i Ji 

This result is substituted into the energy eguation, which we solve for work as 

1 / 1 / = q + hi — /7 e + ^ (V, 2 - V 2 ) + g(Zj - Z e ) 

= h e — hj — J v d P — J T <5Sgen -phi — h e + — (V 2 — Vg) + g( Z,- — Z e ) 

The enthalpy terms cancel, and the shaft work for a single flow going through an actual 
process becomes 

w = -f\dP +^(V 2 -V 2 ) + g(Z,-Ze)- f° TSSgen (9.14) 

Several comments for this expression are in order: 


1. We note that the last term always subtracts (T > 0 and 5Sgen > 0), and we get the 
maximum work out for a reversible process where this term is zero. This is identical 
to the conclusion for the boundary work, Eg. 8.36, where it was concluded that any 
entropy generation reduces the work output. We do not write Eg. 9.14 because we 
expect to calculate the last integral for a process, but we show it to illustrate the effect 
of an entropy generation. 

2. For a reversible process, the shaft work is associated with changes in pressure, kinetic 
energy, or potential energy either individually or in combination. When the pressure 
increases (pump or compressor) work tends to be negative, that is, we must have shaft 
work in, and when the pressure decreases (turbine), the work tends to be positive. The 
specific volume does not affect the sign of the work, but rather its magnitude, so a 
large amount of work will be involved when the specific volume is large (the fluid is 
a gas), whereas less work will take place when the specific volume is small (as for a 
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liquid). When the flow reduces its kinetic energy (windmill) or potential energy (dam 
and a turbine), we can extract the difference as work. 

3. If the control volume does not have a shaft (w = 0), then the right-hand side terms 
must balance out to zero. Any change in one of the terms must be accompanied by a 
net change of opposite sign in the other terms, and notice that the last term can only 
subtract. As an example, let us briefly look at a pipe flow with no changes in kinetic or 
potential energy. If the flow is considered reversible, then the last term is zero and the 
first term must be zero, that is, the pressure must be constant. Realizing the flow has 
some friction and is therefore irreversible, the first term must be positive (pressure is 
decreasing) to balance out the last term. 

As mentioned in the comment above, Eq. 9.14 is useful to illustrate the work involved in a 
large class of flow processes such as turbines, compressors, and pumps in which changes in 
the ki netic and potenti al energies of the worki ng fluid are smal I . T he model process for these 
machines is then a reversible, steady-state process with no changes in kinetic or potential 
energy. The process is often also adiabatic, butthisisnot required for this expression, which 
reduces to 



(9.15) 


From this result, we conclude that the shaft work associated with this type of process 
is given by the area shown in Fig. 9.7. It is important to note that this result applies to a 
very specific situation of a flow device and is very different from the boundary-type work 
/j 2 P dv in a piston/cylinder arrangement. It was also mentioned in the comments that the 
shaft work involved in this type of process is closely related to the specific volume of the 
fluid during the process. To amplify this point further, consider the simple steam power 
plant shown in Fig. 9.8. Suppose that this is a set of ideal components with no pressure drop 
in the piping, the boiler, or the condenser. Thus, the pressure increase in the pump is equal 
to the pressure decrease in the turbine. Neglecting kinetic and potential energy changes, the 
work done in each of these processes is given by Eq. 9.15. Since the pump handles liquid, 
which has a very small specific volume compared to that of the vapor that flows through 
the turbine, the power input to the pump is much less than the power output of the turbine. 
The difference is the net power output of the power plant. 

This same line of reasoning can be applied qualitatively to actual devices that involve 
steady-state processes, even though the processes are not exactly reversible and adiabatic. 


p 



\ 


FIGURE 9.7 Shaft 
work from Eq. 9.1 5. 


v 
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FIGURE 9.8 Simple 
steam power plant. 


EXAMPLE 9.7 


0 H 



Calculate the work per kilogram to pump water isentropically from 100 kPa, 30°C to 
5 MPa. 


Control volume: 
Inlet state: 
Exit state: 
Process: 
M odel: 


Pump. 

Pi, Tj known; state fixed. 
P e known. 

Steady state, isentropic. 
Steam tables. 


Analysis 

Si nee the process is steady state, reversible, and adiabatic, and because changes in kinetic 
and potential energies can be neglected, we have 

First law : h; = h e + w 

Second law: s e -s,- = 0 

Solution 

Si nee P e and s e are known, state e is fixed and therefore h e is known and w can be found 
from the first law. However, the process is reversible and steady state, with negligible 
changes in kinetic and potential energies, so that Eq. 9.15 is also valid. Furthermore, since 
a liquid is being pumped, the specific volume will change very little during the process. 

From the steam tables, V; = 0.001 004 m 3 /kg. Assuming that the specific volume 
remains constant and using Eq. 9.15, we have 

~ w = f vdp = V(P 2 - Pi) = 0.001 004(5000 - 100) = 4.92 kj /kg 


A simplified version of Eq. 9.14 arises when weconsidera reversible flow of an ^compress- 
ible fluid (v = constant). The first integral is then readily done to give 

w = ~v(P e - Pi) + \ (V 2 - V 2 ) + g(Z i - Z e ) 


(9.16) 
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EXAMPLE 9.8 


which is called the extended Bernoulli equation after Daniel Bernoulli, who wrote the 
equation for the zero work term, which then can be written 

vPi + + gZ; =vP e +^V 2 e + gZ e (9.17) 

From this equation, it follows that the sum of flow work (Pi/), kinetic energy, and potential 
energy is constant along a flow line. For instance, astheflow goes up, thereisa corresponding 
reduction in the kinetic energy or pressure. 


Consider a nozzle used to spray liquid water. If the line pressure is 300 kPa and the water 
temperature is 20°C, how high a velocity can an ideal nozzle generate in the exit flow? 

Analysis 

For this single steady-state flow, we have no work or heat transfer, and since it is incom- 
pressible and reversible, the Bernoulli equation applies, giving 

vPi + ]jVf + gZi = vP, + 0 + 0 = vP e + ^V 2 e + gZ = vP 0 + - V 2 e + 0 

and the exit kinetic energy becomes 

^ Vg = v(P, - P 0 ) 


Solution 

We can now solve for the velocity using a value of v = Vf = 0.001002 m 3 /kg at 20°C from 
the steam tables. 

V e = y/2v(Pj - Pq) = V2 x 0.001002(300 - 100)1000 = 20 m/s 
N otice the factor of 1000 used to convert from kPa to Pa for proper units. 


Asa final application of Eq. 9.14, we recall the reversible polytropic process for an 
ideal gas, discussed in Section 8.8 for a control mass process. For the steady-state process 
with no change in kinetic and potential energies, we have the relations 

f e 

w = -i vdP and P v n = constant = C n 


w = 


-/ 

-r— / 


( P e v e 


e dP 

P l/n 


PiVi) = 


nR 


(T e - Ti 


(9.18) 


If the process is isothermal, then n — 1 and the integral becomes 


w = 


~f 


■j: 


d P P 

v dP = -constant / — = — P, v, In 

r r j 


(9.19) 
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Note that the P-v and T-s diagrams of Fig. 8.13 are applicable to represent the slope of 
polytropic processes in this case as well. 

These evaluations of the integral 

f vdP 

may also be used in conjunction with Eq. 9. 14 for instances in which kinetic and potential 
energy changes are not negligibly small. 


In-Text Concept Questions 

e. In a steady-state single flow, s is either constant or it increases. Is that true? 

f. If a flow device has the same inlet and exit pressure, can shaft work be done? 

g. A polytropic flow process with n = 0 might be which device? 


9.4 


PRINCIPLE OF THE INCREASE OF ENTROPY 


The principle of the increase of entropy for a control mass analysis was discussed in Sec- 
tion 8.11. The same general conclusion is reached for a control volume analysis. This is 
demonstrated by the split of the whole world into a control volume A and its surroundings, 
control volume B, as shown in Fig. 9.9. Assume a process takes place in control volume 
A exchanging mass flows, energy, and entropy transfers with the surroundings. Precisely 
where the heat transfer enters control volume A, we have a temperature of T A , which is not 
necessarily equal to the ambient temperature far away from the control volume. 

First, let us write the entropy balance equation for the two control volumes: 


dScvA 

dt 


mi Si 


m P Sp 


T + 5 g erl A 

I A 


(9.20) 


dScvB 

~dt 


- rhjSi + m e s e - 


— p Sgen B 

I A 


(9.21) 


FIGURE 9.9 Entropy 
change for a control 
volume plus its 
surroundings. 
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and notice that the transfer terms are all evaluated right at the control volume surface. Now 
we will add the two entropy balance equations to find the net rate of change of S for the 
total world: 

dSnet _ dScVA dScVB 

dt ~ ~dt dF~ 

0 Q 

— dljSi — n) e S e + — h Sgen A — dl/Sj + rh e S e — — |- Sgen B 

1 A I A 

= 5gen A + Sgen B > 0 (9.22) 


Here we notice that all the transfer terms cancel out, leaving only the positive generation 
terms for each part of the worl d . I f no process takes pi ace i n the ambient, that generati on term 
is zero. However, we also notice that for the heat transfer to move in the indicated direction, 
we must have T B > T A , that is, the heat transfer takes place over a finite temperature 
difference, so an irreversible process occurs in the surroundings. Such a situation is called 
an external irreversible process. This distinguishes it from any generation of s inside the 
control volume/), then called an internal irreversible process. 

For this general control volume analysis, we arrive at the same conclusion as for 
the control mass situation— the entropy for the total world must increase or stay constant, 
dS net /dt> 0, from Eq. 9.22. Only those processes that satisfy this equation can possibly take 
place; any process that would reduce the total entropy is impossible and will not occur. 

Some other comments about the principle of the increase of entropy are in order. If we 
I ook at and eval uate changes i n states for vari ous parts of the worl d, we can fi nd the net rate by 
the left-hand side of Eq. 9.22 and thus verify that it is positive for processes we consider. As 
we do this, welimitthefocustoacontrol volume with a process occurring and the immediate 
ambient air affected by this process. N otice that the left-hand side sums the storage, but it 
does not explain where the entropy is made. If we want detailed information about where 
the entropy is made, we must make a number of control volume analyses and evaluate the 
storage and transfer terms for each control volume. Then the rate of generation is found 
from the balance, that is, from an equation like Eq. 9.22, and that must be positive or, at the 
least, zero. So, not only must the total entropy increase by the sum of the generation terms, 
but we also must have a positive or at least zero entropy generation in every conceivable 
control volume. This applies to very small (even differential d V) control volumes, so only 
processes that locally generate entropy (or let it stay constant) will happen; any process that 
locally would destroy entropy cannot take place. Remember, this does not preclude that 
entropy for some mass decreases as long as that is caused by a heat transfer (or net transfer 
by mass flow) out of that mass, that is, the negative storage is explained by a negative transfer 
term. 

When we use Eq. 9.22 to check any particular process fora possible violation of the 
second law, there are situations in which we can calculate the entropy generation terms 
directly. However, in many cases it is necessary to calculate the entropy changes of the 
control volume and surroundings separately and then add them together to see if Eq. 9.22 is 
satisfied. In these cases, it is preferable to rewrite Eq. 9.21 for the surroundings B to account 
for the fact that the heat transfer originates at temperature T B . This means that the entropy 
generation in B in Eq. 9.21 is given by Eq. 8.40 (on a rate basis), as was found in Section 
8.11, such that Eq. 9.21 becomes 


dScvB 


- rrijSj + m e s e - 


0 _ 

T a 


0 __ 0 _ \ 

Ta T b | 



dt 


= m e s e - 


(9.23) 
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EXAMPLE 9.9 


For a steady-state process, we realize that A = 0, so that all of the entropy increase 

isobserved in the surroundings B, and thiscan be calculated from Eq. 9.23. For a transient 
process, there are both control volume/! and surroundings B terms to evaluate. Each term 
is integrated over the time t of the process, as was done in Section 9.2. Thus, Eq. 9.22 is 
integrated to 


ASnet — AScva + ASsjitb (9.24) 

in which the control volume/! term is 


AScv a = (m2S2 - miSi)cv a (9.25) 

The term for the surroundings is, after applying Eq. 9.23 to the surroundings and integrating, 

ASsurre = m e s e - m,'S f - (9.26) 

I B 


Saturated vapor R-410a enters the uninsulated compressor of a home central air- 
conditioning system at 5°C. The flow rate of refrigerant through the compressor is 0.08 
kg/s, and the electrical power input is 3 kW. The exit state is 65°C, 3000 kPa. Any heat 
transfer from the compressor is with the ambient at 30°C. Determine the rate of entropy 
generation for this process. 


Control volume-. 
Inlet state: 
Exit state: 
Process: 
Model: 


Compressor out to ambient T 0 . 
T i, Xj known; state fixed. 

P e , T e known; state fixed. 
Steady-state, single fluid flow. 
R-410a tables, B.4. 


Analysis 

Steady-state, single flow. Assume negligible changes in kinetic and potential energies. 
Continuty Eq.: rhj = rh e = m 

Energy Eq.: 0 = Q CVi + mhj - mh e - W CiV . 

0 c.v. , r 


Entropy Eq. 


0 = mis-, — s e 


To 


>gen 


Solution 

From the R -410a tables, B.4, we get 

hi = 280.6 kj /kg, s,- = 1.0272 kj /kg K 

h e = 307.8 kj /kg, s e = 1.0140 kj /kg K 

From the energy equation, 

0' c . v . = 0.08 kg/s (307.8 - 280.6) kj /kg - 3.0 kW = 2.176 - 3.0 = -0.824 kW 
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From the entropy equation, 

Sgen = m(Se-Si) - ^ 

I 0 

= 0.08 kg/s (1.0140 - 1.0272) kj /kg K - (-0.824 kW /303.2 K ) 

= -0.001 06 + 0.002 72 = +0.001 66 kW /K 

Notice that the entropy generation also equals the storage effect in the surroundings, 
Eq. 9.23. 

Remark: in this process there are two sources of entropy generation: internal irreversibil- 
ities associated with the process taking place in the R-410a (compressor) and external 
irreversibilities associated with heat transfer across a finite temperature difference. Since 
we do not have the temperature at which the heat transfer leaves the R-410a, we cannot 
separate the two contributions. 


9.5 


ENGINEERING APPLICATIONS; EFFICIENCY 


in Chapter 7 we noted that the second law of thermodynamics led to the concept of thermal 
efficiency for a heat engine cycle, namely, 


r/th 


1/1/ net 

~Q V 


w here l/l/net i s the net work of the cy cl e and 0 H i s the heat transfer from the hi gh-tem perature 
body. 

In this chapter we have extended our application of the second law to control volume 
processes, and in Section 9.2 we considered several different types of devices. For steady- 
state processes, this included an ideal (reversible) turbine, compressor, and nozzle. We 
realize that actual devices of these types are not reversible, but the reversible models may 
in fact be very useful to compare with or evaluate the real, irreversible devices in making 
engineering calculations. This leads in each type of device to a component or machine 
process efficiency. For example, we might be interested in the efficiency of a turbine in a 
steam power plant or of the compressor in a gas turbine engine. 

In general, we can say that to determine the efficiency of a machine in which a process 
takes place, we compare the actual performance of the machine under given conditions to 
the performance that would have been achieved in an ideal process. Itis in the definition of 
this ideal process that the second law becomes a major consideration. For example, a steam 
turbine is intended to be an adiabatic machine. The only heat transfer is the unavoidable 
heat transfer that takes place between the given turbine and the surroundings. We also note 
that for a given steam turbine operating in a steady-state manner, the state of the steam 
entering the turbine and the exhaust pressure are fixed. Therefore, the ideal process is a 
reversible adiabatic process, which is an isentropic process, between the inlet state and 
the turbine exhaust pressure. In other words, the variables P,, T,, and P e are the design 
variables— the first two because the working fluid has been prepared in prior processes to 
be at these conditions at the turbine inlet, while the exit pressure is fixed by the environment 
into which the turbine exhausts. Thus, the ideal turbine process would go from state / to 


ENGINEERING APPLICATIONS; EFFICIENCY ■ 353 


FIGURE 9.10 The 

process in a reversible 
adiabatic steam turbine 
and an actual turbine. 


EXAMPLE 9.10 




state e s , as shown in Fig. 9.10, whereas the real turbine process is irreversible, with the 
exhaust at a larger entropy at the real exit state e. Figure 9.10 shows typical states for a 
steam turbine, where statee 5 is in the two-phase region, and statee may be as well, or may 
be in the superheated vapor region, depending on the extent of irreversibility of the real 
process. Denoting the work done in the real process / to e as \n, and that done in the ideal, 
isentropic process from the same P h T, to the same P e as i/i/ s , we define the efficiency of the 
turbine as 


w 

//turbine = 

l/l/s 



(9.27) 


Thesamedefinition applies to a gas turbine, where all states are in thegaseous phase. Typical 
turbine efficiencies areO. 70-0. 88, with large turbines usually having higher efficiencies than 
small ones. 


A steam turbine receives steam at a pressure of 1 M Pa and a temperature of 300°C. The 
steam I eaves the turbine at a pressure of 15 kPa. The work output of the turbine is measured 
and is found to be 600 kj /kg of steam flowing through the turbine. Determine the efficiency 
of the turbine. 


Control volume: 
Inlet state: 
Exit state: 
Process: 
Model: 


Turbine. 

Pi, Tj known; state fixed. 
P e known. 

Steady state. 

Steam tables. 


Analysis 

The efficiency of the turbine is given by Eq. 9.27 

_ Wa 
//turbine — 

l/l/ s 
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Thus, to determine the turbine efficiency, we calculate the work that would be done in 
an isentropic process between thegiven inlet state and the final pressure. Forthisisentropic 
process, we have 


Continuity E q. : 
First law: 
Second law: 


m, = m e = rh 

hj = h ss + 1/1/5 

Si = S es 


Solution 

From the steam tables, we get 

hi = 3051.2 kj /kg, s ; = 7.1228 kj /kg K 
Therefore, at P e = 15 kPa, 


S es = Si = 7.1228 = 0.7548 + x es 7.2536 
x es = 0.8779 

h es = 225.9 + 0.8779(2373.1) = 2309.3 kj /kg 
From the first law for the isentropic process, 

i/i/ s = hi - h es = 3051.2 - 2309.3 = 741.9 kj /kg 

But, since 


1 / 1 / 3 = 600 kj /kg 

we find that 

1/1/ a 600 

turbine = — = = 0.809 = 80.9% 

m/ s /4i.y 

I n connection with this example, it should be noted that to find the actual state e of the 
steam exiting the turbine, we need to analyze the real process taking place. For the real 
process 


rhi = rh e = rh 
hi = h e + M/ a 
S e > Si 

Therefore, from the first law for the real process, we have 
h e = 3051.2 — 600 = 2451.2 kj /kg 

2451.2 = 225.9 + x e 2373.1 
x e = 0.9377 


it is important to keep in mind that the turbine efficiency is defined in terms of an 
ideal, isentropic process from P,- and 7/ to P e , even when one or more of these variables is 
unknown. This is illustrated in the following example. 
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EXAM PI Air enters a gas turbine at 1600 K and exits at 100 kPa, 830 K .The turbine efficiency is 

esti mated to be 85% . W hat i s the turbi ne i nl et pressure? 

Control volume: Turbine. 

Inlet state: T-, known. 

Exit state: P e , T e known; state fixed. 

Process : Steady state. 

Model : A i r tables, Table A .7. 


Analysis 

The efficiency, which is 85%, is given by Eq. 9.27, 

i/i / 

^turbine — 

l/l/ s 

The first law for the real, irreversible process is 

hi — h e + w 

For the ideal, isentropic process from P,, T; to P e , the first law is 

hi = h es + 1/1/5 

and the second law is, from Eq. 8.19, 

Ses-Si = 0 = Sgj — Sj° - R In ^ 

' / 

(N ote that this equation is only for the ideal isentropic process and not for the real process, 
for which s e -s, > 0.) 

Solution 

From the air tables, Table A .7, at 1600 K, we get 

hi = 1757.3 kj /kg, s,° = 8.6905 kj /kg K 
From the air tables at 830 K (the actual turbine exit temperature), 

h e = 855.3 kj /kg 

Therefore, from the first law for the real process, 

w = 1757.3 - 855.3 = 902.0 kj /kg 
Using the definition of turbine efficiency, 

i/i/ s = 902.0/0.85 = 1061.2 kj /kg 
From the first law for the isentropic process, 


h es = 1757.3 - 1061.2 = 696.1 kj /kg 
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so that, from the air tables, 


T es — 683.7 K , s e ° s = 7.7148 kj /kg K 


and the turbine inlet pressure is determined from 


or 


0 = 7.7148 - 8.6905 - 0.287 In ^ 

• i 


Pi = 2995 kPa 


As was discussed in Section 6.4, unless specifically noted to the contrary, we normally 
assume compressors or pumps to be adiabatic. I n this case the fluid enters the compressor 
at Pi and T ( , the condition at which it exists, and exits at the desired value of P e , the reason 
for building the compressor. Thus, the ideal process between the given inlet state / and the 
exit pressure would be an isentropic process between state i and state e s , as shown in Fig. 
9.11 with a work input of i/i/ s . The real process, however, is irreversible, and the fluid exits 
at the real state e with a larger entropy, and a larger amount of work input w is required. 
The compressor (or pump, in the case of a liquid) efficiency is defined as 



Typical compressor efficiencies are 0.70-0.88, with large compressors usually having 
higher efficiencies than small ones. 

If an effort is made to cool a gas during compression by using a water jacket or fins, 
the ideal process is considered a reversible isothermal process, the work input for which is 
Wj, compared to the larger work required w for the real compressor. The efficiency of the 
cooled compressor is then 


1/1/ t 

^cooled comp = ~~~ 


(9.29) 


FIGURE 9.11 The 

compression process in 
an ideal and an actual 
adiabatic compressor. 



P 


Pi - 
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EXAMPLE 9.12 


Air enters an automotive supercharger at 100 kPa, 300 K and is compressed to 150 kPa. 
The efficiency is 70%. What is the required work input per kilogram of air? What is the 
exit temperature? 


Control volume: Supercharger (compressor). 

Inlet state: P,, 7/ known; state fixed. 

Exitstate : P e known. 

Process: Steady state. 

Model: Ideal gas, 300 K specific heat, Table A. 5. 

Analysis 

The efficiency, which is 70%, is given by Eq. 9.28, 

i/i/ s 

^ comp = Y 

The first law for the real, irreversible process is 

hi=h e + w, w=C p 0 (Ti-T e ) 
For the ideal, isentropic process from P T, to P e , the first law is 
h j = h 05 -(- i/i/ $ , vz s = C po (7/ T 05 ) 

and the second law is, from Eq. 8.23, 

Tes /Pe Y* -1)/ * 

Ti \Pi) 


Solution 

Using C p o and k from Table A .5, from the second law, we get 

/150\ 0286 

T “ = 300 (loo) = 336 ' 9K 

From the first law for the isentropic process, we have 

1 / 1 / s = 1.004(300 - 336.9) = -37.1 kj /kg 
so that, from the efficiency, the real work input is 

w = -37.1/0.70 = -53.0 kj /kg 


and from the first law for the real process, the temperature at the supercharger exit is 


T e = 300 - 


-53.0 

1.004 


352.8 K 


Our final example is that of nozzle efficiency. As discussed in Section 6.4, the purpose 
of a nozzle is to produce a high-velocity fluid stream, or in terms of energy, a large kinetic 
energy, at the expense of the fluid pressure. The design variables are the same as for a 
turbine: P, ; T,, and P e . A nozzle is usually assumed to be adiabatic, such that the ideal 
process is an isentropic process from state / to state e s , as shown in Fig. 9.12, with the 
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T 


P 


FIGURE 9.12 The 

ideal and actual 
processes in an adiabatic 
nozzle. 



v 


production of velocity V es . The real process is irreversible, with the exit state e having a 
larger entropy, and a smaller exit velocity V e . The nozzle efficiency is defined in terms of 
the corresponding kinetic energies, 


Vl/2 


(9.30) 



Nozzles are simpledevices with no moving parts. Asa result, nozzle efficiency may be very 
high, typically 0.90-0.97. 

In summary, to determine the efficiency of a device that carries out a process (rather 
than a cycle), we compare the actual performance to what would be achieved in a related 
but well-defined ideal process. 


9.6 SUMMARY OF GENERAL CONTROL 


VOLUME ANALYSIS 


One of the more important subjects to learn is the control volume formulation of the general 
laws (conservation of mass, momentum and energy, balance of entropy) and the specific laws 
that in the current presentation are given in an integral (mass averaged) form. The foil owing 
steps show a systematic way to formulate a thermodynamic problem so that it does not 
become a formula chase, allowing you to solve general and even unfamiliar problems. 

Formulation Steps 

Step 1. M ake a physical model of the system with components and illustrate all mass 
flows, heat flows, and work rates. Include also an indi cation of forces I ike external 
pressures and gravitation. 

Step 2. Define(i.e., choose) a control massor control volumeby placing a control surface 
that contains the substance you want to analyze. This choice is very important 
si nee the formulation will depend on it. Be sure that only those mass flows, heat 
fluxes, and work terms you wantto analyze cross the control surface. Include as 
much of the system as you can to eliminate flows and fluxes that you don't want 
to enter the formulation. N umber the states of the substance where it enters or 
leaves the control volume, and if it does not have the same state, label different 
parts of the system with storage. 
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Step 3. W rite down the general laws for each of the chosen control volumes. For control 
volumes that have mass flows or heat and work fluxes between them, make 
certain that what leaves one control volume enters the other (i.e., have one term 
in each equation with an opposite sign). When the equations are written down, 
use the most general form and cancel terms that are not present. 0 nly two forms 
of the general laws should be used in the formulation: (1) the original rate form 
(Eq. 9.2 for S) and (2) the time- integrated form (Eq. 9.12 for S), where now terms 
that are not present are canceled. It is very important to distinguish between 
storage terms (left-hand side) and flow terms. 

Step 4. W rite down the auxiliary or particular laws for whatever is inside each of the 
control volumes. The constitution for a substance is either written down or 
referenced to a table. The equation for a given process is normally easily written 
down. It is given by the way the system or devices are constructed and often 
is an approximation to reality. That is, we make a mathematical model of the 
real-world behavior. 

Step 5. Finish the formulation by combining all the equations, but don't putin numbers 
yet. At this point, check which quantities are known and which are unknown. 
FI ere it is important to be able to find all the states of the substance and determine 
which two independent properties determine any given state. This task is most 
easily done by illustrating all the processes and states in a P-v, T -v, T-s, or 
similar diagram. Thesediagrams will also show what numbers to look up in the 
tables to determine where a given state is. 

Step 6. The equations are now solved for the unknowns by writing all terms with un- 
known variables on one side and known terms on the other. It is usually easy 
to do this, but in some cases it may require an iteration technique to solve the 
equations (for instance, if you have a combined property of u,P , v, likeu + 1/2 
P v and noth = u + Pv). As you find the numerical values for different quantities, 
make sure they make sense and are within reasonable ranges. 

SUMMARY 

The second law of thermodynamics is extended to a general control volume with mass flow 
rates in or out for steady and transient processes. The vast majority of common devicesand 
complete systems can be treated as nearly steady-state operations even if they have slower 
transients as in a car engine or jet engine. Simplification of the entropy equation arises 
when applied to steady-state and single-flow devices like a turbine, nozzle, compressor, 
or pump. The second law and the Gibbs property relation are used to develop a general 
expression for reversible shaft work in a single flow that is useful in understanding the 
importance of the specific volume (or density) that influences the magnitude of the work. 
For a flow with no shaft work, consideration of the reversible process also leads to the 
derivation of the energy equation for an incompressible fluid as the Bernoulli equation. 
This covers the flows of liquids such as water or hydraulic fluid as well as airflow at low 
speeds, which can beconsidered incompressiblefor velocities less than a third of the speed of 
sound. 

M any actual devices operate with some irreversibility in the processes that occur, so we 
also have entropy generation in the flow processes and the total entropy is always increasing. 
The characterization of performance of actual devices can be done with a comparison to 
a corresponding deal device, giving efficiency as the ratio of two energy terms (work or 
kinetic energy). 
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You should have learned a number of skills and acquired abilities from studying this 
chapter that will allow you to 

• Apply the second law to more general control volumes. 

• Analyze steady-state, single- flow devices such as turbines, nozzles, compressors, and 
pumps, both reversible and irreversible. 

• K now how to extend the second law to transient processes. 

• Analyze complete systems as a whole or divide them into individual devices. 

• Apply the second law to multi pie- flow devices such as heat exchangers, mixing cham- 
bers, and turbines with several inlets and outlets. 

• Recognize when you have an incompressible flow where you can apply the Bernoulli 
equation or the expression for reversible shaft work. 

• K now when you can apply the Bernoulli equation and when you cannot. 

• K now how to evaluate the shaft work for a polytropic process. 

• Know how to apply the analysis to an actual device using an efficiency and identify 
the closest ideal approximation to the actual device. 

• Know the difference between a cycle efficiency and a device efficiency. 

• Have a sense of entropy as a measure of disorder or chaos. 


KEY CONCEPTS 
AND FORMULAS 


Rate equation for entropy rate of change = + in - out + generation 

Sc.v. = J2 li) ' s '-Y^ rheSe + Jl + s 'gen 


Steady-state single flow 

s e = 

[ e Sq 

5i + l T + 5 > 

gen 


Reversi ble shaft work 

1 / 1 / = 

r e i 

-l ViP + 2 

v, 2 - 

^ Vg + gZ, — gZ e 

Reversi ble heat transfer 

Q = 

J T ds = h e - 

hi - 

J vdP (from Gibbs relation) 

Bernoulli equation 

V(Pi 

-Pe) + \y}- 

V 

2 e 

+ gZi - gZ e = 0 (v = constant) 

Polytropic process work 

w = 

n - i^ PeVe 

Pi Vi) 

= n \(T e Ti) n#l 

n - 1 


w = -Pi Vi In = -RT/ In = RT; In — n = 1 


The work is shaft work w = - f v d P and for ideal gas 


I sentropic efficiencies turbine = w Tac /w Ts (Turbine work is out) 

Compressor = w Cs /wc ac (C ompressor work is in) 
Cwmp = wps/wpac (Pump work is in) 

^nozzle = ^ V ac/^ v s 2 (K inetic energy is out) 


HOMEWORK PROBLEMS ■ 361 


CONCEPT-STUDY GUIDE PROBLEMS 


9.1 If we follow a mass element going through a re- 
versible adiabatic flow process, what can we say 
about the change of state? 

9.2 Which process will make the statement in In-Text 
Concept question e true? 

9.3 A reversible process in a steady flow with negligible 
kinetic and potential energy changes is shown in Fig- 
ure P9.3. Indicate the change h e - h, and transfers 
w and q as positive, zero, or negative 



V S 


FIGURE P9.3 


9.4 A reversible process in a steady flow of air with neg- 
ligible kinetic and potential energy changes is shown 



FIGURE P9.4 


in Figure P9. 4. 1 ndi cate the change h e - hi and trans- 
fers i/i/ and q as positive, zero, or negative 

9.5 A reversible steady isobaric flow has 1 kW of heat 
added with negligible changes in KE and PE; what 
is the work transfer? 

9.6 An air compressor has a significant heat transfer out 
(review Example 9.4 to see how high T becomes if 
no heat transfer occurs). Is that good or should it be 
insulated? 

9.7 Friction in a pipe flow causes a slight pressure de- 
crease and a slight temperature increase. Flow does 
that affect entropy? 

9.8 To increase the work out of a turbine for given in- 
let and exit pressures, how should the inlet state be 
changed? 

9.9 An irreversible adiabatic flow of liquid water in a 
pump has a higher exit P. Is the exit T higher or 
lower? 

9.10 The shaft work in a pump to increase the pressure is 
small compared to the shaft work in an air compres- 
sor for the same pressure increase. W hy? 

9.11 Liquid water is sprayed into the hot gases before 
they enter the turbine section of a large gas-turbine 
power plant. It is claimed that the larger mass flow 
rate produces more work. I s that the reason? 

9.12 A tank contains air at 400 kPa, 300 K, and a valve 
opens up for flow out to the outside, which is at 100 
kPa, 300 K . Flow does the state of the air that flows 
out change? 


HOMEWORK PROBLEMS 

Reversible Flow Processes 

Single Flow 

9.13 An evaporator has R-410a at -20°C and quality 
20% flowing in, with the exit flow being saturated 
vapor at -20°C. Consider the heating to be a re- 
versible process and find the specific heat transfer 
from the entropy equation. 

9.14 A reversible isothermal expander (a turbine with 
heat transfer) has an inlet flow of carbon dioxide at 
3 M Pa, 40°C and an exit flow at 1 M Pa, 40°C. Find 
the specific heat transferfrom the entropy equation 


and the specific work from the energy equation, 
assuming ideal gas. 

9.15 Solve the previous Problem using Table B. 3. 

9.16 A first stage in a turbine receives steam at 10 M Pa 
and 800°C, with an exit pressure of 800 kPa. As- 
sume the stage is adiabatic and neglect kinetic en- 
ergies. Find the exit temperature and the specific 
work. 

9.17 Steam enters a turbine at 3 M Pa, 450°C, expands 
i n a reversi bl e adi abati c process, and exhausts at 10 
kPa. Changes in kinetic and potential energies be- 
tween the inlet and the exit of the turbine are smal I . 


362 ■ CHAPTER NINE SECOND-LAW ANALYSIS FOR A CONTROL VOLUME 


The power output of the turbine is 800 kW. What is 
the mass flow rate of steam through the turbine? 

9.18 A reversible adiabatic compressor receives 0.05 
kg/s saturated vapor R-410a at 200 kPa and has 
an exit pressure of 800 kPa. Neglect kinetic ener- 
gies and fi nd the exit temperature and the mi ni mum 
power needed to drive the unit. 

9.19 In a heat pump that uses R-134a as the working 
fluid, the R-134a enters the compressor at 150 kPa, 
-10°C at a rate of 0.1 kg/s. I n the compressor the 
R-134a is compressed in an adiabatic process to 
1 M Pa. Calculate the power input required to the 
compressor, assuming the process to be reversible. 

9.20 A compressor in a commercial refrigerator receives 
R-410a at -25°C, x = 1. The exit is at 2000 kPa, 
and the process is assumed to be reversible and 
adiabatic. N eglect kinetic energies and find the exit 
temperature and the specific work. 

9.21 A flow of 3 kg/s saturated liquid water at 2000 kPa 
enters a boiler and exits as saturated vapor i n a re- 
versible constant-pressure process. Assumeyou do 
not k no w that there i s no w ork . P rove that there i s no 
shaft work using the energy and entropy equations. 

9.22 Atmospheric air at -45°C, 60 kPa enters the front 
diffuser of a jet engine, shown in Fig. P9.22, with 
a velocity of 900 km/h and a frontal area of 1 m 2 . 
After leaving the adiabatic diffuser, the velocity is 
20 m/s. Find the diffuser exit temperature and the 
maximum pressure possible. 



9.23 A compressor is surrounded by cold R-134a, so it 
works as an isothermal compressor. The inlet state 
i s 0°C , 100 kPa and the exit state i s saturated vapor. 
Find the specific heat transfer and specific work. 

9.24 Consider the design of a nozzle in which nitrogen 
gas flowing in a pipe at 500 kPa, 200°C at a velocity 
of 10 m/s is to be expanded to produce a velocity 
of 300 m/s. D etermi ne the exit pressure and cross- 
sectional area of the nozzle if the mass flow rate is 
0.15 kg/s and the expansion is reversible and adia- 
batic. 


9.25 Theexit nozzle in a jet engine receives ai rat 1200 K, 
150 kPa with negligible kinetic energy. The exit 
pressure is 80 kPa, and the process is reversible 
and adiabatic. U se constant heat capacity at 300 K 
to find the exit velocity. 

9.26 Do the previous problem using the air tables in 
Table A. 7. 

9.27 A flow of 2 kg/s saturated vapor R-410a at 500 kPa 
is heated at constant pressure to 60°C. The heat is 
supplied by a heat pump that receives heat from the 
ambient air at 300 K and work input shown in Fig. 
P9. 27. Assume everything is reversible and find the 
rate of work input. 


- R-410a 


0 H 


W H 


Ol 

/ 300 K \ 
FIGURE P9.27 


9.28 A compressor brings a hydrogen gas flow at 280 K, 
100 kPa up to a pressure of 1000 kPa in a reversible 
process. Flow hot is the exit flow, and what is the 
specific work input? 

9.29 A diffuser is a steady-state device in which a fluid 
flowing at high velocity is decelerated such that the 
pressure increases in the process. Air at 120 kPa, 
30°C enters a diffuser with a velocity of 200 m/s 
and exits with a velocity of 20 m/s. Assuming the 
process i s reversi bl e and adi abati c, w hat are the exit 
pressure and temperature of the air? 

9.30 Air enters a turbine at 800 kPa, 1200 K and ex- 
pands in a reversible adiabatic process to 100 kPa. 
Calculate the exit temperature and the work output 
per kilogram of air, using 

a. The ideal gas tables (Table A. 7). 

b. Constantspecific heat (val ue at 300 K fromTable 
A .5). 

9.31 A highly cooled compressor brings a hydrogen gas 
flow at 300 K , 100 kPa up to a pressure of 1000 kPa 
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in an isothermal process. Find the specific work, 
assuming a reversible process. 

9.32 A compressor receives air at 290 K, 100 kPa and 
shaft work of 5.5 kW from a gasoline engine. It 
should deliver a mass flow rate of 0.01 kg/s air to a 
pipeline. Find the maximum possible exit pressure 
of the compressor. 

9.33 A n expander receives 0.5 kg/s ai r at 2000 kPa, 300 
K with an exit state of 400 kPa, 300 K . Assume the 
process i s reversi bl e and i so thermal .Find the rates 
of heat transfer and work, neglecting kinetic and 
potential energy changes. 

9.34 A reversible steady-state device receives a flow of 
1 kg/s air at 400 K, 450 kPa, and the air leaves at 
600 K , 100 kPa. FI eat transfer of 800 kW is added 
from a 1000 K reservoir, 100 kW is rejected at 350 
K , and some heat transfer takes pi ace at 500 K . F i nd 
the heat transferred at 500 K and the rate of work 
produced. 


400°C, and the turbine exhaust pressure is fixed at 
10 kPa. Assume the expansion inside the turbine to 
be reversible and adiabatic. 

a. Determine the full-load specific work output of 
the turbine. 

b. Find the pressure the steam must be throttled to 
for 80% of full-load output. 

c. Show both processes in a T-s diagram. 


Throttling 



\ 1,000 K / 


Gi 



M ultiple Devices and Cycles 

9.35 A steam turbine in a power plant receives 5 kg/s 
steam at 3000 kPa, 500°C. Twenty percent of the 
flow is extracted at 1000 kPa to a feedwater heater 
and the remainder flows out at 200 kPa. Find the 
two exit temperatures and the turbi ne power output. 

9.36 A small turbine delivers 150 kW and is supplied 
with steam at 700°C, 2 M Pa. The exhaust passes 
through a heat exchanger where the pressure is 
10 kPa and exits as saturated liquid. The turbine is 
reversible and adiabatic. Find the specific turbine 
work and the heat transfer i n the heat exchanger. 

9.37 Onetechniquefor operating a steam turbine in part- 
load power output is to throttle the steam to a lower 
pressure before it enters the turbine, as shown in 
Fig. P9.37. The steamline conditions are 2 M Pa, 


9.38 An adiabatic air turbine receives 1 kg/s air at 1500 
K, 1.6 M Pa and 2 kg/s air at 400 kPa, T 2 i n a setup 
similar to that in Fig. P6.76, with an exit flow at 
100 kPa. What should temperature T 2 be so that 
the whole process can be reversible? 

9.39 A reversible adiabatic compression of an air flow 
from 20°C, 100 kPa to 200 kPa is followed by an 
expansion down to 100 kPa in an ideal nozzle. W hat 
are the two processes? Flow hot does the air get? 
What is the exit velocity? 

9.40 A turbocharger boosts the inlet air pressure to 
an automobile engine. It consists of an exhaust 



m = 0.1 kg/s 

FIGURE P9.40 
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gas-driven turbine directly connected to an aircom- 
pressor, as shown in Fig. P9.40. For a certain en- 
gine load, the conditions are given in the figure. 
Assume that both the turbine and the compressor 
are reversible and adiabatic, having also the same 
mass flow rate. Calculate the turbine exit temper- 
ature and power output. Find also the compressor 
exit pressure and temperature. 

9.41 Two flows of air are both at 200 kPa; one has 1 kg/s 
at 400 K , and the other has 2 kg/s at 290 K . T he two 
lines exchange energy through a number of ideal 
heat engines, taking energy from the hot line and 
rejecting it to the colder line. The two flows then 
leave at the same temperature. Assume the whole 
setup i s reversi bl e and fi nd the exit tern perature and 
the total power out of the heat engi nes. 

9.42 A flow of 5 kg/s water at 100 kPa, 20°C should be 
del ivered as steam at 1000 kPa, 350°C to some ap- 
plication. We have a heat source at constant 500°C. 
If the process should be reversible, how much heat 
transfer should we have? 

9.43 A heat-powered portableaircompressorconsists of 
three components: (a) an adiabatic compressor; (b) 
a constant-pressure heater (heat supplied from an 
outside source); and (c) an adiabatic turbine (see 
Fig. P9.43). Ambient air enters the compressor at 
100 kPa, 300 K and is compressed to 600 kPa. All 
of the power from the turbine goes into the com- 
pressor, and the turbine exhaust is the supply of 
compressed air. If this pressure is required to be 
200 kPa, what must the temperature be at the exit 
of the heater? 


Q 



FIGURE P9.43 

9.44 A two-stagecompressorhaving aninterstagecooler 
takes in air, 300 K and 100 kPa, and compresses it 
to 2 M Pa, as shown in Fig. P9.44. The cooler then 


cools the air to 340 K, after which it enters the sec- 
ond stage, which hasan exit pressure of 15.74 M Pa. 
Both stages are adiabatic and reversible. Find the 
specific heat transfer in the intercooler and the total 
specific work. Compare this to the work required 
with no intercooler. 



FIGURE P9.44 


9.45 A certain industrial process requires a steady sup- 
ply of saturated vapor steam at 200 kPa at a rate of 
0.5 kg/s. Also required is a steady supply of com- 
pressed air at 500 kPa at a rate of 0.1 kg/s. Both 
are to be supplied by the process shown in Fig. 
P9.45. Steam is expanded in a turbine to supply 
the power needed to drive the air compressor, and 
the exhaust steam exits the turbine at the desired 
state. Air into the compressor is at ambient condi- 
tions, 100 kPa and 20°C. Give the required steam 
inlet pressure and temperature, assuming that both 
the turbine and the compressor are reversible and 
adiabatic. 


©-S- 



FIGURE P9.45 

9.46 A certain industrial process requires a steady 0.5 
kg/s supply of compressed ai r at 500 kPa, at a max- 
imum temperature of 30°C, as shown in Fig. P9.46. 
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This air is to be supplied by installing a compressor 
and aftercooler. Local ambient conditions are 100 
kPa and 20°C. Using a reversible compressor, de- 
termine the power required to drive the compressor 
and the rate of heat rejection in the aftercooler. 


Ambient air 



9.47 Consider a steam turbine power plant operating 
near critical pressure, as shown in Fig. P9.47. As 
a first approximation, it may be assumed that the 
turbine and the pump processes are reversible and 
adiabatic. Neglecting any changes in kinetic and 
potential energies, calculate 

a. The specific turbine work output and the turbine 
exit state. 

b. The pump work input and enthalpy at the pump 
exit state. 

c. The thermal efficiency of the cycle. 

P 4 = P, = 20 MPa T, = 700°C 

p 2 = p 3 = 20 kPa T 3 = 40°C 


© 



Transient Processes 

9.48 Air in a tank is at 300 kPa, 400 K with a volume 
of 2 m 3 . A valve on the tank is opened to let some 
air escape to the ambient surroundings to leave a 


final pressure inside of 200 kPa. Find the final tem- 
perature and mass, assuming a reversible adiabatic 
process for the air remaining inside the tank. 

9.49 A tank contains 1 kg of carbon dioxide at 6 M Pa, 
60°C and it is connected to a turbine with an ex- 
haust at 1000 kPa. The carbon dioxide flows out of 
the tank and through the turbine to a final state in 
the tank of saturated vapor. If the process is adia- 
batic and reversible, find the final mass in the tank 
and the turbi ne work output. 

9.50 A n underground salt mine, 100 000 m 3 i n vol ume, 
contai ns air at 290 K , 100 kPa. The mi ne is used for 
energy storage, so the local power plant pumps it 
up to 2.1 M Pa using outside air at 290 K, 100 kPa. 
Assume the pump is ideal and the process is adi- 
abatic. Find the final mass and temperature of the 
air and the required pump work. 

9.51 Air in a tank is at 300 kPa, 400 K with a volume of 
2 m 3 . A valve on the tank is opened to let some air 
escape to the ambient surroundings to leave a final 
pressure inside of 200 kPa. At the same time the 
tank is heated, so the remaining air has a constant 
temperature. W hat i s the mass average val ue (Tabl e 
A .7 reference) of thes leaving, assuming this is an 
internally reversible process? 

9.52 A n insulated 2 m 3 tank isto be charged with R-134a 
from a line flowing the refrigerant at 3 M Pa. The 
tank is initially evacuated, and the valve is closed 
when the pressure inside the tank reaches 3 M Pa. 
The line is supplied by an insulated compressorthat 
takes in R-134a at 5°C, with a quality of 96.5%, 
and compresses i t to 3 M Pain a reversible process. 
Calculate the total work input to the compressor to 
charge the tank. 

9.53 R -410a at 120°C, 4 M Pa is in an insulated tank, and 
flow is now allowed out to a turbine with a backup 
pressure of 800 kPa. The flow continues to a final 
tank pressure of 800 kPa, and the process stops. If 
the initial mass was 1 kg, how much mass is left in 
the tank and what is the turbine work, assuming a 
reversible process? 

Reversible Shaft Work, Bernoulli Equation 

9.54 A pump has a 2 kW motor. Flow much liquid water 
at 15°C can I pump to 250 kPa from 100 kPa? 

9.55 A largestoragetank contains saturated liquid nitro- 
gen atambient pressure, 100 kPa; itisto be pumped 
to 500 kPa and fed to a pipeline at the rate of 
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0.5 kg/s. How much power input is required for 
the pump, assuming it to be reversible? 

9.56 A garden water hose has liquid water at 200 kPa, 
15°C. How high a velocity can be generated in a 
small ideal nozzle? If you direct the water spray 
straight up, how high will it go? 

9.57 A smal I pump takes i n water at 20°C , 100 kPa and 
pumps it to 2.5 M Pa at a flow rate of 100 kg/min. 
Find the required pump power input. 

9.58 A n irrigation pump takes water from a river at 10°C, 
100 kPa and pumps it up to an open canal at a 100 m 
higher elevation. The pipe diameter in and out of 
the pump is 0.1 m, and the motor driving the pump 
is 5 hp. Neglecting kinetic energies and friction, 
find the maximum possible mass flow rate. 

9.59 Saturated R- 134a at - 10°C is pumped/compressed 
to a pressure of 1.0 M Pa at the rate of 0.5 kg/s in 
a reversible adiabatic process. Calculate the power 
required and the exit temperature for the two cases 
of inlet state of the R -134a: 

a. Quality of 100% b. Quality of 0%. 

9.60 Liquid water at ambient conditions, 100 kPa and 
25°C, enters a pump at the rate of 0.5 kg/s. Power 
input to the pump is 3 kW. Assuming the pump 
process to be reversible, determine the pump exit 
pressure and temperature. 

9.61 A small water pump on ground level has an inlet 
pipe down into a well at a depth H with the water 
at 100 kPa, 15°C . The pump delivers water at 400 
kPa to a building. The absolute pressure of the wa- 
ter must be at least twice the saturation pressure to 
avoid cavitation. W hat is the maximum depth this 
setup will allow? 

9.62 A small dam has a 0.5-m-diameter pipe carrying 
liquid water at 150 kPa, 20°C with a flow rate of 
2000 kg/s. The pipe runs to the bottom of the dam 



FIGURE P9.62 


15 m lower into a turbine with pipe diameter 0.35 
m, shown in Fig. P9.62. Assume no friction or heat 
transfer in the pipe and find the pressure of the tur- 
bine inlet. If the turbine exhausts to 100 kPa with 
negligible kinetic energy, what is the rate of work? 

9.63 A wave comes rolling in to the beach at 2 m/s hori- 
zontal velocity. Neglect friction and find how high 
up (elevation) on the beach the wave will reach. 

9.64 A firefighter on a ladder 25 m aboveground should 
be able to spray water an additional 10 m up with a 
hose nozzle of exit diameter 2.5 cm. Assume a wa- 
ter pump on the ground and a reversible flow (hose, 
nozzle included) and find the minimum required 
power. 

9.65 A pump/compressor pumps a substance from 100 
kPa, 10°C to 1 M Pa in a reversible adiabatic pro- 
cess. The exit pipe has a small crack, so a small 
amount leaks to the atmosphere at 100 kPa. If the 
substance is (a) water, (b) R-134a, find the temper- 
ature after compression and the temperature of the 
leak flow as it enters the atmosphere, neglecting 
kinetic energies. 

9.66 A small pump is driven by a 2 kW motorwith liquid 
water at 150 kPa, 10°C entering. Find themaximum 
water flow rate you can get with an exit pressure of 
1 M Pa and negl i gi bl e ki netic energies. Theexit flow 
goes through a small hole in a spray nozzle out to 
the atmosphere at 100 kPa, shown in Fig. P9.66. 
Find the spray velocity. 



9.67 The underwater bulb nose of a container ship has a 
velocity relative to the ocean water of 10 m/s. What 
is the pressure at the front stagnation point that is 
2 m down from the water surface? 

9.68 A speedboat has a small hole in the front of the 
drive with the propeller that reaches down into the 
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water at a water depth of 0.25 m. Assuming that we 
have a stagnation point at that hole when the boat is 
sailing at 60 km/h, what is the total pressure there? 

9.69 AtmosphericairatlOOkPa, 17°C blowsat60 km/h 
toward the side of a building. Assuming the air 
is nearly incompressible, find the pressure and the 
temperature at the stagnation (zero-velocity) point 
on the wall. 

9.70 You drive on the highway at 120 km/h on a day 
with 17°C , 100 kPa atmosphere. W hen you putyour 
hand out of the window flat against the wind, you 
feel theforcefrom the air stagnating (i.e., it comes 
to relative zero velocity on your skin). Assume that 
the ai r is nearly i ncompressi ble and fi nd the ai r tem- 
perature and pressure right on your hand. 

9.71 An airflow at 100 kPa, 290 K, and 90 m/s is di- 
rected toward a wall. At the wall the flow stagnates 
(comes to zero velocity) without any heat transfer, 
as shown in Fig. P9.71. Find the stagnation pres- 
sure (a) assuming incompressible flow, (b) assum- 
ing adiabatic compression. Hint: T comesfrom the 
energy equation. 



FIGURE P9.71 


9.72 Calculate the air temperature and pressure at the 
stagnation point right in front of a meteorite enter- 
ing theatmosphere(-50°C, 50 kPa) with a velocity 
of 2000 m/s. Do this assuming air is incompress- 
ible at the given state and repeat the process for 
air being a compressible substance going through 
adiabatic compression. 

9.73 A steady flow expander has helium entering at 800 
kPa, 300°C, and it exits at 120 kPa with a mass flow 
rateof 0.2 kg/s. A ssume a reversi ble polytropic pro- 
cess with n = 1.3 and find the power output of the 
expander. 

9.74 A flow of air at 100 kPa, 300 K enters a device 
and goes through a polytropic process with n = 1.3 


before it exits at 1000 K . Find the exit pressure, the 
specific work, and the heat transfer using constant 
specific heats. 

9.75 Solve the previous problem but use the air tables 
A. 7. 

9.76 A 4 kg/s flow of ammonia goes through a device in 
a polytropic process with an inlet state of 150 kPa, 
-20°C and an exit state of 400 kPa, 80°C. Find the 
polytropic exponent n, the specific work, and the 
specific heat transfer. 

9.77 An expansion in a gas turbine can be approximated 
with a polytropic process with exponent n = 1.25. 
T he i nlet ai r is at 1200 K , 800 kPa, and the exit pres- 
sure is 125 kPa with a mass flow rate of 0.75 kg/s. 
Find the turbine heat transfer and power output. 

Irreversible Flow Processes 

Steady Flow Processes 

9.78 Consider the steam turbine in Example 6.6. Is this 
a reversible process? 

9.79 A largecondenserinasteam power plantdumps 15 
M W by condensing saturated watervaporat45°C to 
saturated liquid. W hatisthewaterflow rate and the 
entropy generation rate with an ambient at 25 °C? 

9.80 The throttle process described in Example6.5 isan 
irreversible process. Find the entropy generation 
per kilogram of ammonia in the throttling process. 

9.81 R-134a at 30°C, 800 kPa is throttled in a steady 
flow to a lower pressure, so it comes out at -10°C . 
W hat is the specific entropy generation? 

9.82 Analyze the steam turbine described in Problem 
6.79. Is it possible? 

9.83 A geothermal supply of hot water at 500 kPa, 150°C 
is fed to an insulated flash evaporator at the rate of 
1.5 kg/s, shown in Fig. P9.83. A stream of saturated 
liquid at 200 kPa is drained from the bottom of the 


l 
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chamber, and a stream of saturated vapor at 200 kPa 
is drawn from the top and fed to a turbine. Find the 
rate of entropy generation in the flash evaporator. 

9.84 A steam turbine has an inlet of 2 kg/s water at 1000 
kPa, 350°C with a velocity of 15 m/s. The exit is 
at 100 kPa, 150°C and very low velocity. Find the 
power produced and the rate of entropy generation. 

9.85 A large supply line has a steady flow of R-410a at 
1000 kPa, 60C. It is used in three different adia- 
batic devices shown in Fig. P9.85: a throttle flow, 
an ideal nozzle, and an ideal turbine. All the exit 
flows are at 300 kPa. Find the exit temperature and 
specific entropy generation for each device and the 
exit velocity of the nozzle. 


R-410a 



9.86 Two flowstreams of water, one of saturated vapor at 
0.6 M Pa and the other at 0.6 M Pa, and 600°C , mix 
adiabatically in a steady flow to produce a single 
flow out at 0.6 M Pa, 400°C. Find the total entropy 
generation for this process. 

9.87 A mixing chamber receives 5 kg/min of ammonia 
as saturated liquid at -20°C from one line and am- 
monia at 40°C, 250 kPafrom another line through 
a valve. The chamber also receives 325 kj/min of 
energy as heat transferred from a 40°C reservoir, 
shown in Fig. P9.87. T his should produce saturated 
ammonia vapor at -20°C in the exit line. W hat is 
the mass flow rate in the second line, and what is 
the total entropy generation in the process? 


1 \ 40 ° c / 



FIGURE P9.87 


9.88 A compressor in a commercial refrigerator receives 
R-410a at -25°C, x = 1. The exit is at 2000 kPa, 
60°C. Neglect kinetic energies and find the specific 
entropy generation. 

9.89 A condenser in a power plant receives 5 kg/s steam 
at 15 kPa with a quality of 90% and rejects the 
heat to cooling water with an average temperature 
of 17°C. Find the power given to the cooling wa- 
ter in this constant-pressure process, shown in Fig. 
P9.89, and thetotal rateof entropy generation when 
saturated liquid exits the condenser. 

Steam 



9.90 Carbon dioxide at 300 K, 200 kPa flows through 
a steady device where it is heated to 500 K by a 
600K reservoirinaconstant-pressure process. Find 
thespecific work, specific heattransfer, and specific 
entropy generation. 

9.91 A heat exchanger that follows a compressor re- 
ceives 0.1 kg/s air at 1000 kPa, 500 K and cools 
it in a constant-pressure process to 320 K . The heat 
is absorbed by ambient air at 300 K . Find the total 
rate of entropy generation. 

9.92 AiratlOOOkPa, 300K is throttled to 500 kPa. What 
is the specific entropy generation? 

9.93 Two flows of air are both at 200 kPa; one has 1 kg/s 
at 400 K, and the other has 2 kg/s at 290 K. The 
two flows are mixed together in an insulated box to 
produce a single exit flow at 200 kPa. Find the exit 
temperature and thetotal rateof entropy generation. 

9.94 M ethane at 1 M Pa, 300 K is throttled through a 
valve to 100 kPa. Assume no change in kinetic 
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energy and ideal gas behavior. W hat is the specific 
entropy generation? 

9.95 A i r at 327°C , 400 kPa with a volume flow of 1 m 3 /s 
runs through an adiabatic turbine with exhaust pres- 
sure of 100 kPa. Neglect kinetic energies and use 
constant specific heats. Find the lowest and highest 
possible exit temperature. For each case, find also 
the rate of work and the rate of entropy generation. 

9.96 In a heat-driven refrigerator with ammonia as the 
working fluid, a turbine with inlet conditions of 
2.0 M Pa, 70°C is used to drive a compressor with 
inlet saturated vapor at -20°C. The exhausts, both 
at 1.2 M Pa, are then mixed together, as shown in 
Fig. P9.96. The ratio of the mass flow rate to the 
turbine to the total exit flow was measured to be 
0.62. Can this be true? 



FIGURE P9.96 


9.97 A large supply line has a steady airflow at 500 K, 
200 kPa. It is used in three different adiabatic de- 
vices shown in Fig. P9.85: a throttle flow, an ideal 
nozzle, and an ideal turbine. All the exit flows are 
at 100 kPa. Find the exit temperature and specific 
entropy generation for each device and the exit ve- 
locity of the nozzle. 

9.98 R epeat the previ ous probl em for the throttl e and the 
nozzle when the inlet air temperature is 2500 K and 
use the air tables. 

9.99 A counterflowing heat exchanger hasone linewith 
2 kg/s air at 125 kPa, 1000 K entering, and the 



air is leaving at 100 kPa, 400 K . The other line has 
0.5 kg/s water coming in at 200 kPa, 20°C and leav- 
ing at 200 kPa. What is the exit temperature of the 
water and the total rate of entropy generation? 

9.100 Saturated liquid nitrogen at 600 kPa enters a boiler 
at a rate of 0.005 kg/s and exits as saturated vapor. 1 1 
then flows i nto a superheater, also at 600 kPa, where 
it exits at 600 kPa, 280 K . Assume the heat transfer 
comes from a 300 K source and fi nd the rates of en- 
tropy generation in the boiler and the superheater. 

9.101 One type of feedwater heater for preheating the 
water before entering a boiler operates on the prin- 
ciple of mixing the water with steam that has been 
bled from the turbine. For the states as shown in 
Fig. P9.101, calculate the rate of net entropy in- 
crease for the process, assuming the process to be 
steady flow and adiabatic. 


P 2 = 1 MPa 
T 2 = 200°C 


f 

© 


P 1 = 1 MPa 
T-, = 40°C 


Feedwater 

heater 


FIGURE P9.101 


P 3 = 1 MPa 
r 3 = 160°C 
m 3 = 4 kg/s 


9.102 A coflowing (same direction) heat exchanger, 
shown in Fig. P9.102, has one line with 0.25 kg/s 
oxygen at 17°C, 200 kPa entering, and the other 
line has 0.6 kg/s nitrogen at 150 kPa, 500 K enter- 
ing. The heat exchanger is long enough so that the 
two flows exit at the same temperature. Use con- 
stant heat capacities and find the exit temperature 
and the total rate of entropy generation. 



FIGURE P9.102 

9.103 A steam turbine in a power plant receives steam at 
3000 kPa, 500°C . The turbine has two exit flows. 
One is 20% of the flow at 1000 kPa, 350°C to a 
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feedwater heater, and the remainder flows out at 
200 kPa, 200°C. Find the specific turbine work and 
the specific entropy generation, both per kilogram 
of flow in. 

9.104 Carbon dioxide used as a natural refrigerant flows 
through a cooler at 10 M Pa, which is supercritical, 
so no condensation occurs. The inlet is at 200°C 
and the exit is at 40°C . Assume the heat transfer is 
to the ambient at 20°C and find the specific entropy 
generation. 

9.105 A supply of 5 kg/s ammonia at 500 kPa, 20°C is 
needed. Two sources are available: One is saturated 
liquid at20°C, and the other is at 500 kPa, 140°C. 
Flows from the two sources are fed through valves 
to an insulated mixing chamber, which then pro- 
duces the desired output state. Find the two source 
mass flow rates and the total rate of entropy gener- 
ation by this setup. 

Transient Flow Processes 

9.106 Calculate the specific entropy generated in the fill- 
ing process given in Example 6.11. 

9.107 An initially empty 0.1 m 3 canister is filled with 
R-410a from a line flowing saturated liquid at 
-5°C. This is done quickly so that the process is 
adiabatic. Find the final mass, and determine the 
liquid and vapor volumes, if any, in the canister. Is 
the process reversible? 

9.108 Calculate the total entropy generated in the filling 
process given in Example 6.12. 

9.109 Aim 3 rigid tank contains 100 kg of R-410a 
at ambient temperature, 15°C, as shown in Fig. 
P9.109. A valve on top of the tank is opened, and 
saturated vapor is throttled to ambient pressure, 
100 kPa, and flows to a collector system. During 
the process, the temperature inside the tank re- 
mains at 15°C. The valve is closed when no more 



liquid remains inside. Calculate the heat transfer 
to the tank and the total entropy generation in the 
process. 

9.110 AIL can of R-134a is at room temperature, 20°C, 
with a quality of 50%. A leak in the top valve allows 
vapor to escape and heat transfer from the room 
takes place, so it reaches a final state of 5°C with 
a quality of 100%. Find the mass that escaped, the 
heat transfer, andtheentropy generation, excluding 
that made in the valve. 

9.111 An empty canister of 0.002 m 3 is filled with R-134a 
from a lineflowing saturated liquid R-134a atO°C. 
The filling is done quickly, so it is adiabatic. Find 
the final mass in the canister and the total entropy 
generation. 

9.112 A 0.2 m 3 initially empty container is fi I led with wa- 
ter from a line at 500 kPa, 200°C until there is no 
more flow. A ssumethe process is adiabatic and find 
the final mass, final temperature, and total entropy 
generation. 

9.113 A 10 m tall, 0.1 m diameter pipe is filled with 
liquid water at 20°C. It is open at the top to 
the atmosphere, 100 kPa, and a small nozzle is 
mounted in the bottom. The water is now let out 
through the nozzle, splashing out to theground un- 
til the pipe is empty. Find the initial exit veloc- 
ity of the water, the average kinetic energy in the 
exit flow, and the total entropy generation for the 
process. 

9.114 Airfrom a line at 12 M Pa, 15°C flows into a 500 L 
ri gi d tank that i ni ti al ly contai ned ai r at am bi ent con- 
ditions, 100 kPa, 15°C. The process occurs rapidly 
and is essentially adiabatic. The valve is closed 
when the pressure inside reaches some value, ? 2 - 
The tank eventually cools to room temperature, at 
which time the pressure inside is 5 M Pa. What is 
the pressure P 2 W hat is the net entropy change for 
the overall process? 

9.115 An initially empty canister with a volume of 0.2 m 3 
is filled with carbon dioxide from alineatlOOO kPa, 
500 K . A ssume the process i s adi abati c and the fl ow 
continues until it stops by itself. Use constant heat 
capacity to find the final mass and temperature of 
the carbon dioxide in the canister and the total en- 
tropy generation by the process. 

9.116 A can of volume 0.2 m 3 is empty and filled with 
carbon dioxide from a line at 3000 kPa, 60°C. The 
process is adiabatic and stops when the can is full. 
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UseTableB.3 to find the final temperature and the 
entropy generation. 

9.117 A cook filled a pressure cooker with 3 kg water at 
20°C and a small amount of air and forgot about 
it. The pressure cooker has a vent valve, so if P > 
200 kPa, steam escapes to maintain the pressure at 
200 kPa. How much entropy was generated in the 
throttling of the steam through the vent to 100 kPa 
when half of the original mass escaped? 

9.118 A balloon is filled with air from a line at 200 kPa, 
300 K to a final stateof 110 kPa, 300 K with a mass 
of 0.1 kg air. Assume the pressure is proportional 
to the balloon volume as P = 100 kPa + CV . Find 
the heat transfer to or from the ambient at 300 K 
and the total entropy generation. 

Device Efficiency 

9.119 A steam turbi ne i nlet i s at 1200 kPa, 500°C . T he exi t 
is at 200 kPa. What is the lowest possible exit tem- 
perature? Which efficiency does that correspond 
to? 

9.120 A steam turbi ne i nlet i s at 1200 kPa, 500°C . T he exi t 
is at 200 kPa. W hat is the highest possible exit tem- 
perature? Which efficiency does that correspond 
to? 

9.121 A steam turbine inlet is at 1200 kPa, 500°C. The 
exit is at 200 kPa, 275°C. What is the isentropic 
efficiency? 

9.122 A compressor in a commercial refrigerator receives 
R-410a at -25°C, x = 1. The exit is at 2000 kPa, 
80°C. Neglect kinetic energies and find the isen- 
tropic compressor efficiency. 

9.123 The exit velocity of a nozzle is 500 m/s. If 
Nozzle = 0.88, what is the ideal exit velocity? 

9.124 Find the isentropic efficiency of the R-134a 
compressor in Example 6.10, assuming the ideal 
compressor is adiabatic. 

9.125 Steam enters a turbine at 300°C, 600 kPa and 
exhausts as saturated vapor at 20 kPa. W hat is the 
isentropic efficiency? 

9.126 An emergency drain pump, shown in Fig. P9.126, 
should be able to pump 0.1 m 3 /s of liquid water at 
15°C, 10 m vertically up, delivering it with a ve- 
locity of 20 m/s. It is estimated that the pump, pipe, 
and nozzle have a combined isentropic efficiency 
expressed for the pump as 60%. How much power 
is needed to drive the pump? 


Nozzle 



FIGURE P9.126 

9.127 A gas turbine with air flowing in at 1200 kPa, 
1200 K has an exit pressure of 200 kPa and an 
isentropic efficiency of 87%. Find the exit temper- 
ature. 

9.128 A gas turbine with air flowing in at 1200 kPa, 
1200 K has an exit pressure of 200 kPa. Find the 
lowest possible exit temperature. What efficiency 
does that correspond to? 

9.129 Liquid water enters a pump at 15°C, 100 kPa and 
exits at a pressure of 5 M Pa. If the isentropic effi- 
ciency of the pump is 75%, determine the enthalpy 
(steam table reference) of the water at the pump 
exit. 

9.130 Ammonia is brought from saturated vapor at 300 
kPa to 1400 kPa, 140°C in a steady-flow adiabatic 
compressor. Find the compressor’s specific work, 
its entropy generation, and its isentropic efficiency. 

9.131 A centrifugal compressor takes in ambient air at 
100 kPa, 15°C and discharges it at 450 kPa. The 
compressor has an isentropic efficiency of 80%. 
What is your best estimate for the discharge tem- 
perature? 

9.132 A compressor is used to bring saturated water vapor 
at 1 M Pa up to 17.5 M Pa, where the actual exittem- 
perature is 650°C. Find the isentropic compressor 
efficiency and the entropy generation. 

9.133 A refrigerator uses carbon dioxide that is brought 
from 1 M Pa, -20°C to 6 M Pa using 2 kW powerin- 
putto the compressor with a flow rate of 0.02 kg/s. 
Find the compressor's exit temperature and its isen- 
tropic efficiency. 

9.134 Find the isentropic efficiency for the compressor in 
Problem 6.57. 

9.135 A pump receives water at 100 kPa, 15°C and has a 
power input of 1.5 kW. The pump has an isentropic 
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efficiency of 75%, and it should flow 1.2 kg/s de- 
livered at 30 m/s exit velocity. How high an exit 
pressure can the pump produce? 

9.136 A turbine receives air at 1500 K, 1000 kPa ad ex- 
pands it to 100 kPa. The turbine has an isentropic 
efficiency of 85%. Find the actual turbine exit air 
temperature and the specific entropy increase in the 
turbine. 

9.137 Carbon dioxide enters an adiabatic compressor at 
100 kPa, 300 K and exits at 1000 kPa, 520 K . Find 
the compressor efficiency and the entropy genera- 
tion for the process. 

9.138 A small air turbine with an isentropic efficiency of 
80% should produce 270 kj/kg of work. The in- 
let temperature is 1000 K, and the turbine exhausts 
to the atmosphere. Find the required inlet pressure 
and the exhaust temperature. 

9.139 The small turbine in Problem 9.36 was ideal. As- 
sume instead that the isentropic turbine efficiency 
is 88%. Find the actual specific turbine work and 
the entropy generated in the turbine. 

9.140 A compressor in an industrial air conditioner com- 
presses ammonia from a state of saturated vapor 
at 150 kPa to a pressure of 800 kPa. At the exit, 
the temperature is 100°C and the mass flow rate is 
0.5 kg/s. What is the required motor size for this 
compressor and what is its isentropic efficiency? 

9.141 Repeat Problem 9.45, assuming the steam turbine 
and the ai r compressor have an i sentropi c effici ency 
of 80%. 

9.142 RepeatProblem 9.47, assuming the turbine and the 
pump have an isentropic efficiency of 85%. 

9.143 Assume an actual compressor has the same exit 
pressure and specific heat transfer as the ideal iso- 
thermal compressor in Problem 9.23, with an iso- 
thermal efficiency of 80%. Find the specific work 
and exit temperature for the actual compressor. 

9.144 Air enters an insulated turbine at 50°C and exits at 
-30°C, 100 kPa. The isentropic turbine efficiency 
is 70%, and the inlet volumetric flow rate is 20 L/s. 
What is the turbine inlet pressure and the turbine 
power output? 

9.145 Find the isentropic efficiency of the nozzle in 
Example 6.4. 

9.146 Air enters an insulated compressor at ambient con- 
ditions, 100 kPa and 20°C, at the rate of 0.1 kg/s 
and exits at 200°C. The isentropic efficiency of the 


compressor is 70%. Assume that the ideal and ac- 
tual compressor have the same exit pressure. W hat 
is the exit pressure? How much power is required 
to drive the unit? 

9.147 A nozzle in a high-pressure liquid water sprayer 
has an area of 0.5 cm 2 . It receives water at 250 kPa, 
20°C, and the exit pressure is 100 kPa. Neglect the 
inletkinetic energy and assumea nozzle isentropic 
efficiency of 85%. Findtheideal nozzle exit veloc- 
ity and the actual nozzle mass flow rate. 

9.148 Redo Problem 9.64 if the water pump has an isen- 
tropic efficiency of 85%, including hose and nozzle. 

9.149 Air flows into an insulated nozzle at 1 MPa, 
1200 K with 15 m/s and a mass flow rate of 2 kg/s. 
It expands to 650 kPa, and the exit temperature 
is 1100 K. Find the exit velocity and the nozzle 
efficiency. 

9.150 A nozzle should produce a flow of air with 200 m/s 
at20°C, 100 kPa. Itisestimated that the nozzlehas 
an isentropic efficiency of 92%. What nozzle inlet 
pressure and temperature are required, assuming 
the inlet kinetic energy is negligible? 

9.151 A water-cooled aircompressortakesairinat20°C, 
90 kPa and compresses it to 500 kPa. The isother- 
mal efficiency is 80%, and the actual compressor 
has the same heat transfer as the ideal one. Find the 
specific compressor work and the exit temperature. 

Review Problems 

9.152 A flow of saturated liquid R-410a at 200 kPa in an 
evaporator is broughtto a stateof superheated vapor 
at 200 kPa, 40°C. Assume the process is reversi ble, 
and find the specific heat transfer and specific 
work. 

9.153 A coflowing heat exchanger has one line with 2 
kg/s saturated water vapor at 100 kPa entering. 
The other line is 1 kg/s air at 200 kPa, 1200 K. 
The heat exchanger is very long, so the two flows 
exit at the same temperature. Find the exit tempera- 
ture by trial and error. Calculate the rate of entropy 
generation. 

9.154 A flow of R-410a at 2000 kPa, 40°C in an isother- 
mal expander is broughtto 1000 kPa in a reversible 
process. Find the specific heat transfer and work. 

9.155 A vortex tube has an air inlet flow at20°C, 200 kPa 
and two exit flows of 100 kPa: one at 0°C and the 
other at 40°C. The tube, shown in Fig. P9.155, has 
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no external heat transfer and no work, and all the 
flows are steady and have negligible kinetic energy. 
Find the fraction of the inlet flow that comes out at 
0°C. Is this setup possible? 



FIGURE P9.155 


9.156 A stream of ammonia enters a steady flow device 
at 100 kPa, 50°C , at the rate of 1 kg/s. Two streams 
exitthedeviceat equal mass flow rates; oneisat 200 
kPa, 50°C and the other i s a saturated liquid at 10°C . 
It is claimed that the device operates in a room 
at 25°C on an electrical power input of 250 kW. 
Is this possible? 

9.157 In a heat-powered refrigerator, a turbine is used to 
drive the compressor using the same working fluid. 
Consider the combination shown in Fig. P9.157, 
where the turbine produces just enough power to 
drive the compressor and the two exit flows are 
mixed together. L i st any assumpti ons made and fi nd 


the ratio of mass flow rates m 3 /m 1 and T 5 (x 5 if in a 
two-phase region) if the turbine and the compressor 
are reversible and adiabatic. 

9.158 Carbon dioxide flows through a device entering at 
300 K, 200 kPa and leaving at 500 K. The pro- 
cess is steady-state polytropic with n = 3.8, and 
heat transfer comes from a 600 K source. Find the 
specific work, specific heat transfer, and specific 
entropy generation due to this process. 

9.159 Air at 100 kPa, 17°C is compressed to 400 kPa, 
after which it is expanded through a nozzle back to 
the atmosphere. The compressor and the nozzle are 
both reversibleand adiabatic, and kinetic energy in 
and out of the compressor can be neglected. Find 
the compressor work and its exit temperature, and 
find the nozzle exit velocity. 

9.160 Assume that both the compressor and the nozzle in 
the previous problem have an isentropic efficiency 
of 90%, with the other parameters unchanged. Find 
the actual compressor work, its exit temperature, 
and the nozzle exit velocity. 

9.161 An insulated piston/cylinder contains R-410a at 
20°C, 85% quality at a cylinder volume of 50 L. 
A valve at the closed end of the cylinder is con- 
nected to a line flowing R-410a at 2 M Pa, 60°C. 
The valve is now opened, allowing R-410a to flow 
in; at the same time, theexternal force on the piston 
is decreased and the piston moves. W hen the valve 
i s cl osed, the cy I i nder contents are at 800 kPa, 20 °C , 
and positive work of 50 kj has been done against 


R-410a from boiler R-410a from evaporator 
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the external force. What is the final volume of the 
cylinder? Does this process violate the second law 
of thermodynamics? 

9.162 A certain industrial process requires a steady 0.5 
kg/s supply of compressed ai r at 500 kPa, at a max- 
imum temperature of 30°C, as shown in Fig. P9.46. 
This air is to be supplied by installing a compres- 
sor and aftercooler. Local ambient conditions are 
100 kPa, 20°C. Using an isentropic compressor ef- 
ficiency of 80%, determine the power required to 
drive the compressor and the rate of heat rejection 
in the aftercooler. 

9.163 A frictionless piston/cylinder is loaded with a lin- 
ear spring with a spring constant 100 kN/m, and the 
piston cross-sectional area is 0.1 m 2 . The cylinder 
initial volume of 20 L contains air at 200 kPa and 
ambient temperature, 10°C. The cylinder has a set 
of stops that prevents its volume from exceeding 
50 L. A valve connects to a line flowing air at 800 
kPa, 50°C, as shown in Fig. P9.163. The valve is 
now opened, allowing air to flow in until the cylin- 
der pressure reaches 800 kPa, at which point the 
temperature inside the cylinder is 80°C. The valve 
is then closed and the process ends. 

a. Is the piston at the stops at the final state? 

b. Taking the inside of the cylinder as a control 
volume, calculate the heat transfer during the 
process. 

c . C al cul ate the net entropy change for thi s process. 


Air line 



9.164 Air enters an insulated turbine at 50°C and exits at 
-30°C, 100 kPa. The isentropic turbine efficiency 
is 70%, and the inlet volumetric flow rate is 20 L/s. 
What is the turbine inlet pressure and the turbine 
power output? 


9.165 A n i ni ti al ly em pty spri ng- 1 oaded pi ston/cy I i nder re- 
quires 100 kPa to float the piston. A compressor 
with a line and valve now charges the cylinder with 
water to a final pressure of 1.4 M Pa, at which point 
the volume is 0.6 m 3 , state 2. The inlet condition to 
the reversible adiabatic compressor is saturated va- 
por at 100 kPa. After charging, the valve is closed, 
and the water eventually cools to room tempera- 
ture, 20°C, state 3. Find the final mass of water, the 
piston work from 1 to 2 , the required compressor 
work, and the final pressure, P 3 . 

9.166 Consider the scheme shown in Fig. P9.166 for 
producing fresh water from salt water. The con- 
ditions are as shown in the figure. Assume that 
the properties of salt water are the same as those 
of pure water, and that the pump is reversible and 
adiabatic. 

a. Determine the ratio (m 7 /m 1 ) the fraction of salt 
water purified. 

b. Determine the input quantities, w p and q H . 

c. Make a second-law analysis of the overall 
system. 



FIGURE P9.166 
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9.167 A rigid 1.0 m 3 tank contains water initially at 
120°C, with 50% liquid and 50% vapor, by vol- 
ume. A pressure- relief valve on the top of the tank is 
set to 1.0 M Pa (the tank pressure cannot exceed 1.0 
M Pa— water will be discharged instead). Heat is 
now transferred to the tank from a 200°C heat 
source until the tank contains saturated vapor at 
1.0 M Pa. Calculate the heat transfer to the tank and 
show that this process does not violate the second 
law. 

9.168 A jet-ejector pump, shown schematically in Fig. 
P9.168, is a device in which a low-pressure (sec- 
ondary) fluid is compressed by entrainment in a 
high-velocity (primary) fluid stream. Thecompres- 
sion results from the deceleration in a diffuser. 
For purposes of analysis, this can be considered as 
equivalent to the turbine-compressor unit shown in 
Fig. P9.157, with the states 1, 3, and 5 correspond- 
ing to those in Fig. P9.168. Consider a steam jet 
pumpwith state las saturated vapor at 35 kPa; state 
3 is 300 kPa, 150°C; and the discharge pressure, 
P 5 , islOOkPa. 

a. Calculate the ideal mass flow ratio, rhi/m^. 

b. The efficiency of a jet pump is defined as 

_ (nii/ ny^i 


for the same inlet conditions and discharge pres- 
sure.Determinethedischargetemperatureofthe 
jet pump if its efficiency is 10%. 


High-pressure 



fluid 


Pi.T, 

FIGURE P9.168 

9.169 A horizontal insulated cylinder has a frictionless 
piston held against stops by an external force of 
500 kN, as shown in Fig. P9. 169. The piston cross- 


sectional area is 0.5 m 2 , and the initial volume is 
0.25 m 3 . Argon gas in the cylinder is at 200 kPa, 
100°C. A valve is now opened to a line flowing ar- 
gon at 1.2 M Pa, 200°C, and gas flows in until the 
cylinder pressure just balances the external force, 
atwhich poi nt the val ve i s cl osed. Use constant heat 
capacity to verify that the final temperature is 645 K 
and find the total entropy generation. 


Ar line 



9.170 Supercharging of an engine is used to increase the 
inlet air density so that more fuel can be added, 
the result of which is increased power output. As- 
sume that ambient air, 100 kPa, 27°C, enters the 
supercharger at a rate of 250 L/s. T he supercharger 
(compressor) has an isentropic efficiency of 75% 
and uses 20 kW of power input. Assume that the 
ideal and actual compressorhavethesameexitpres- 
sure. Findtheideal specific work and verify that the 
exit pressure is 175 kPa. Find the percent increase 
in air density entering the engine due to the super- 
charger and the entropy generation. 

9.171 A rigid steel bottle, with V = 0.25 m 3 , contains air 
at 100 kPa, 300 K . The bottle is now charged with 
airfrom a line at 260 K, 6 M Pa to a bottle pressure 
of 5 M Pa, state 2, and the valve is closed. Assume 
that the process is adiabatic and that the charge 
always is uniform. In storage, the bottle slowly re- 
turns to room temperature at 300 K, state 3. Find 
the final mass, the temperature T 2 , the final pres- 
sure P 3, the heat transfer, 1Q3, and the total entropy 
generation. 

9.172 A certain industrial process requires a steady 0.5 
kg/s of air at 200 m/s, at the condition of 150 kPa, 
300 K, as shown in Fig. P9.172. This air is to be the 
exhaust from a specially designed turbine whose 
inlet pressure is 400 kPa. The turbine process may 
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be assumed to be reversible and polytropic, with 
polytropic exponent n = 1.20. 

a. W hat is the turbine inlet temperature? 

b. W hat are the power output and heat transfer rate 
for the turbine? 

c. Calculate the rate of net entropy increase if the 
heat transfer comes from a source at a tempera- 
ture 100°C higher than the turbine inlet temper- 
ature. 



FIGURE P9.172 


w T 


To process 

m, P 2 , T 2 , V 2 


ENGLISH UNIT PROBLEMS 

9.173E A compressor receives R-134a at 20 F, 30 psia 
with an exit of 200 psia, x = 1. W hat can you say 
about the process? 

9.174E In a heat pump that uses R-134a as the work- 
ing fluid, the R-134a enters the compressor at 
30 lbf/in. 2 , 20 F at a rate of 0.1 Ibm/s. In the com- 
pressor the R-134a is compressed in an adiabatic 
process to 150 lbf/in. 2 . Calculate the power input 
required to the compressor, assuming the process 
to be reversible. 

9.175E An evaporator has R-410a at OF and quality 20% 
flowing in, with the exit flow being saturated va- 
por at 0 F. Consider the heating to be a reversible 
process and find the specific heat transfer from 
the entropy equation. 

9.176E Steam enters a turbine at 450 lbf/in. 2 , 900 F, ex- 
pands in a reversible adiabatic process, and ex- 
hausts at 130 F. Changes in kinetic and potential 
energies between the inlet and the exit of the tur- 
bine are small. The power output of the turbine 
is 800 Btu/s. W hat is the mass flow rate of steam 
through the turbine? 

9.177E Theexitnozzlein ajetengine receives ai r at 2100 
R, 20 psia, with negligible kinetic energy. The exit 
pressure is 10 psia, and the process is reversible 
and adiabatic. U se constant heat capacity at 77 F 
to find the exit velocity. 

9.178E A compressor in a commercial refrigerator re- 
ceives R-410a at -10 F, x = 1. The exit is at 300 
psia, and the process is assumed to be reversible 
and adiabatic. Neglect kinetic energies and find 
the exit temperature and the specific work. 

9.179E A compressor brings a hydrogen gas flow at 
500 R, 1 atm up to a pressure of 10 atm in a 


reversible process. Flow hot is the exit flow, and 
what is the specific work input? 

9.180E A flow of 4 Ibm/s saturated vapor R-410a at 100 
psia is heated at constant pressure to 140 F. The 
heat is supplied by a heat pump that receives heat 
from the ambient air at 540 R and work input as 
shown in Fig. P9.27. Assume that everything is 
reversible and find the rate of work input. 

9.181E A diffuser is a steady-state, steady-flow device 
in which a fluid flowing at high velocity is de- 
celerated such that the pressure increases in the 
process. Air at 18 lbf/in. 2 , 90 F enters a diffuser 
with a velocity of 600 ft/s and exits with a veloc- 
ity of 60 ft/s. Assuming the process is reversible 
and adiabatic, what are the exit pressure and tem- 
perature of the air? 

9.182 An expander receives 1 Ibm/s air at 300 psia, 
540 R with an exit state of 60 psia, 540 R. Assume 
that the process is reversible and isothermal. Find 
the rates of heat transfer and work, neglecting ki- 
netic and potential energy changes. 

9.1831/: One technique for operating a steam turbine in 
part-load power output is to throttle the steam to 
a lower pressure before it enters the turbine, as 
shown in Fig. P9.37. The steamline conditions 
are 200 lbf/in. 2 , 600 F, and the turbine exhaust 
pressure is fixed at 1 lbf/in. 2 . Assuming the ex- 
pansion inside the turbine to be reversible and 
adiabatic, 

a. Determine the full-load specific work output 
of the turbine. 

b. Determine the pressure the steam must be 
throttled to for 80% of full-load output. 

c. Show both processes in a T-s diagram. 
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9.184!“ An adiabatic air turbine receives 2 Ibm/s air at 
2700 R, 240 psia and 4 Ibm/s air at 60 psia, T 2 in 
a setup similar to that of Fig. P6.76 with an exit 
flow at 15 psia. W hat should temperature T 2 be 
so that the whole process can be reversible? 

9.185G An underground abandoned saltmine, 3.5 x 10 6 
ft 3 in volume, contains air at 520 R, 14.7 lbf/in. 2 . 
The mine is used for energy storage, so the local 
power plant pumps it up to 310 lbf/in. 2 using out- 
side airat 520 R, 14.7 lbf/in. 2 . Assume the pump 
is ideal and the process is adiabatic. Find thefinal 
mass and temperature of the air and the required 
pump work. Overnight, the air in the mine cools 
down to 720 R. Find thefinal pressure and heat 
transfer. 

9.186 G An initially empty 5ft 3 tank is fil led with airfrom 
70 F, 15 psia until it is full. Assume no heat trans- 
fer and find the final mass and the entropy gener- 
ation. 

9.187E An empty canister of volume 0.05 ft 3 is filled 
with R-134a from a line flowing saturated liquid 
R-134a at 40 F. The filling is done quickly, so it 
is adiabatic. Flow much mass of R-134a is in the 
canister? Flow much entropy was generated? 

9.188G R-410a at 240 F, 600 psia is in an insulated tank, 
and flow is now allowed out to a turbine with a 
backup pressureof 125 psia.Theflow continues to 
a final tank pressure of 125 psia, and the process 
stops. If the initial mass was 1 Ibm, how much 
mass is left in the tank and what is the turbine 
work, assuming a reversible process? 

9.189E A pump has a 2 kW motor. Flow much liquid wa- 
ter at 60 F can I pump to 35 psia from 14.7 psia? 

9.190E A small pump takes in water at 70 F, 14.7 lbf/in. 2 
and pumps it to 250 lbf/in. 2 at a flow rate of 
200 Ibm/min. Find the required pump power 
input. 

9.191E An irrigation pump takes water from a river at 
50 F, 1 atm and pumps it up to an open canal at a 
300 ft higher elevation. The pipe diameter in and 
out of the pump is 0.3 ft, and the motor driving 
thepumpis5 hp. Neglecting kinetic energies and 
friction, find the maximum possible mass flow 
rate. 

9.192E Saturated R-134a at 10 F is pumped/compressed 
to a pressureof 150 lbf/in. 2 at the rate of 1.0 Ibm/s 
in a reversible adiabatic steady flow process. 


Calculate the power required and the exit tem- 
perature for the two cases of inlet state of the 
R-134a: 

a. Quality of 100% 

b. Quality of 0% 

9.193E Liquid water at ambient conditions, 14.7 lbf/in. 2 , 
75 F, enters a pump at the rate of 1 Ibm/s. Power 
input to the pump is 3 Btu/s. Assuming the pump 
process to be reversible, determine the pump exit 
pressure and temperature. 

9.194'Z A wave comes rol I i ng in to the beach at 6 ft/s hori- 
zontal velocity. Neglect friction and find how high 
up (elevation) on the beach the wave will reach. 

9.195E A fireman on a ladder 80 ft aboveground should 
be able to spray water an additional 30 ft up with 
the hose nozzle of exit diameter 1 in. Assume a 
water pump on the ground and a reversible flow 
(hose, nozzle included) and find the minimum re- 
quired power. 

9.196E The underwater bulb nose of a container ship has 
a velocity relative to the ocean water of 30 ft/s. 
W hat is the pressure at the front stagnation point 
that is 6 ft down from the water surface? 

9.197E A speedboat has a small hole in the front of the 
drive with the propeller that reaches down into 
the water at a water depth of 10 in. Assuming that 
we have a stagnation point at that hole when the 
boat i s sai I i ng at 40 m i/h, w hat i s the total pressure 
there? 

9.198E Helium gas enters a steady-flow expander at 120 
lbf/in. 2 , 500 F and exits at 18 lbf/in. 2 . The mass 
flow rate is 0.4 Ibm/s, and the expansion process 
can beconsidered a reversible polytropic process 
with exponent n = 1.3. Calculate the power out- 
put of the expander. 

9.199G An expansion in a gas turbine can be approxi- 
mated with a polytropic process with exponent 
n = 1.25. The inlet air is at 2100 R, 120 psia, 
and the exit pressure is 18 psia with a mass flow 
rate of 2 Ibm/s. Find the turbine heat transfer and 
power output. 

9.200E A large condenser in a steam power plant dumps 
15 000 Btu/s at 115 F with an ambient temper- 
ature of 77 F. What is the entropy generation 
rate? 

9.201 Analyze the steam turbine described in Problem 
6.172E. Is it possible? 
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9.202 R-134a at 90 F, 125 psia is throttled in a steady 
flow to a I ower pressure so that i t comes out at 10 F. 
W hat is the specific entropy generation? 

9.203 A steam turbine has an inlet of 4 Ibm/s water at 
150 psia and 600 F with a velocity of 50 ft/s. The 
exit is at 1 atm, 240 F and very low velocity. Find 
the power produced and the rate of entropy gen- 
eration. 

9.204/ Twoflowstreamsof water, one at 100 lbf/in. 2 , sat- 
urated vapor and the other at 100 lbf/in. 2 , 1000 F 
mix adi abatical ly in a steady flow process to pro- 
duce a single flow out at 100 lbf/in. 2 , 600 F. Find 
the total entropy generation for this process. 

9.205/ A largesupply line has a steady flow of R-410a at 
150 psia, 140 F. It is used in three different adia- 
batic devices shown in Fig. P9.85: a throttle flow, 
an ideal nozzle, and an ideal turbine. All the exit 
flows are at 60 psia. Find the exit temperature and 
specific entropy generation for each device and 
the exit velocity of the nozzle. 

9.206E A compressor in a commercial refrigerator re- 
ceives R-410a at -10 F, x = 1. The exit is at 300 
psia, 160 F. Neglect kinetic energies and find the 
specific entropy generation. 

9.207 A mixing chamber receives 10 Ibm/min ammonia 
as saturated liquid at OF from one line and ammo- 
nia at 100 F, 40 lbf/in. 2 from another line through 
a valve. The chamber also receives 340 Btu/min 
energy as heat transferred from a 100 F reservoir. 
This should produce saturated ammonia vapor at 
OF in the exit line. What is the mass flow rate at 
state 2, and what is the total entropy generation 
in the process? 

9.208E A condenser in a power plant receives 10 Ibm/s 
steam at 130 F, quality 90% and rejects the heat to 
cooling water with an average temperature of 62 F. 
Find the power given to the cooling water in this 
constant-pressure process and the total rate of en- 
tropy generation when condenser exit is saturated 
liquid. 

9.209 A ir at 150 psia, 540 R is throttled to 75 psia. What 
is the specific entropy generation? 

9.210E Air at 540 F, 60 lbf/in. 2 , with a volume flow of 
40 ft 3 /s, runs through an adiabatic turbine with 
exhaust pressure of 15 lbf/in. 2 . Neglect kinetic 
energies and use constant specific heats. Find the 
lowest and highest possible exit temperature. For 


each case, find also the rate of work and the rate 
of entropy generation. 

9.211E A largesupply line has a steady airflow at 900 R, 
2 atm. It is used in three different adiabatic de- 
vices shown in Fig. P9.85: a throttle flow, an ideal 
nozzle, and an ideal turbine. All theexitflowsare 
at 1 atm. Find the exit temperature and specific 
entropy generation for each device and the exit 
velocity of the nozzle. 

9.212E Repeat the previous problem for the throttle and 
the nozzl e w hen the i nl et ai r temperature i s 4500 R 
and use the air tables. 

9.213E A supply of 10 Ibm/s ammonia at 80 lbf/in. 2 , 80 F 
is needed. Two sources are available: one is satu- 
rated liquid at 80 F, and the other is at 80 lbf/in. 2 , 
260 F. Flows from the two sources are fed through 
valves to an insulated mixing chamber, which 
then produces the desired output state. Find the 
two source mass flow rates and the total rate of 
entropy generation by this setup. 

9.214E Air from a line at 1800 lbf/in. 2 , 60 F flows into a 
20 ft 3 rigid tank that initially contained air at am- 
bient conditions, 14.7 lbf/in. 2 , 60 F. The process 
occurs rapidly and is essentially adiabatic. The 
valve is closed when the pressure inside reaches 
some value, P 2 . The tank eventually cools to room 
temperature, at which time the pressure inside is 
750 lbf/in. 2 . What is the pressure P 2 ? What is the 
net entropy change for the overall process? 

9.215E A can of volume 8 ft 3 is empty and filled with 
R-410a from a line at 200 psia, 100 F. The pro- 
cess is adiabatic and stops when the can is full. 
U se Tabl e F.9 to fi nd the fi nal temperature and the 
entropy generation. 

9.216E A steam turbi ne i nl et is at 200 psia, 900 F. T he exit 
isat 40 psia. Whatisthelowestpossibleexittem- 
perature? W hich efficiency does that correspond 
to? 

9.217E A steam turbi ne i nl et is at 200 psia, 900 F. T he exit 
isat 40 psia. W hat is the highest possi bl e exit tem- 
perature? W hich efficiency does that correspond 
to? 

9.218 A steam turbine inlet is at 200 psia, 900 F. The 
exit is at 40 psia, 600 F. What is the isentropic 
efficiency? 

9.219E The exit velocity of a nozzle is 1500 ft/s. if 
^nozzle = 0.88, what is the ideal exit velocity? 
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9.220P A compressor is used to bring saturated water 
vapor at 150 lbf/in. 2 up to 2500 lbf/in. 2 , where 
the actual exit temperature is 1200 F. Find the 
isentropic compressor efficiency and the entropy 
generation. 

9.221E An air turbine with an isentropic efficiency of 
80% should produce 120 Btu/lbm of work. The 
inlet temperature is 1800 R, and it exhausts to the 
atmosphere. Find the required inlet pressure and 
the exhaust temperature. 

9.222 Redo Problem 9.195E if the water pump has an 
isentropic efficiency of 85% (hose, nozzle in- 
cluded). 

9.223 Air enters an insulated compressor at ambient 
conditions, 14.7 lbf/in. 2 , 70 F at the rate of 
0.1 Ibm/s and exits at 400 F. The isentropic ef- 
ficiency of the compressor is 70%. What is the 
exit pressure? Flow much power is required to 
drive the compressor? 

9.224 A nozzle is required to produce a steady stream 
of R-134a at 790 ft/s at ambient conditions, 
14.7 lbf/in. 2 , 70 F. The isentropic efficiency may 
be assumed to be 90%. What pressure and tem- 
perature are required in the line upstream of the 
nozzle? 

9.225G A water-cooledaircompressortakesairinat70F, 
14 lbf/in. 2 and compresses it to 80 lbf/in. 2 . The 
isothermal efficiency is 80%, and the actual com- 
pressor has the same heat transfer as the ideal 


one. Find the specific compressor work and the 
exit temperature. 

9.226E Air at 1 atm, 60 F is compressed to 4 atm, after 
which it is expanded through a nozzle back to the 
atmosphere. The compressor and the nozzle are 
both reversible and adiabatic, and kinetic energy 
in/out of the compressor can be neglected. Find 
the compressor work and itsexittemperature, and 
find the nozzle exit velocity. 

9.227E Repeat Problem 9.192E for a pump/compressor 
isentropic efficiency of 70%. 

9.228E A rigid 35 ft 3 tank contains water initially at 250 
F, with 50% liquid and 50% vapor, by volume. A 
pressure- relief valve on the top of the tank is set 
to 140 lbf/in. 2 . (The tank pressure cannot exceed 
140 lbf/in. 2 — water will be discharged instead.) 
FI eat is now transferred to the tank from a 400 F 
heat source until the tank contains saturated vapor 
at 140 lbf/in. 2 . Calculate the heat transfer to the 
tank and show that this process does not violate 
the second law. 

9.229 Air at 1 atm, 60 F is compressed to 4 atm, 
after which it is expanded through a nozzle 
back to the atmosphere. The compressor and 
the nozzle both have efficiency of 90%, and ki- 
netic energy in/out of the compressor can be ne- 
glected. Find the actual compressor work and its 
exit temperature, and find the actual nozzle exit 
velocity. 
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9.230 Use the menu-driven software to get the properties 
for the calculation of the isentropic efficiency of the 
pump in the steam power plant of Problem 6.103. 

9.231 W rite a program to solve the general case of Prob- 
lem 9.22, i n which the states, velocities, and area are 
i nput vari abl es. U se a constant speci fi c heat and fi nd 
the diffuser exit area, temperature, and pressure. 

9.232 W rite a program to solve Problem 9.165 in which 
the inlet and exit flow states are input variables. 
Use a constant specific heat, and let the program 
calculate the split of the mass flow and the overall 
entropy generation. 

9.233 Write a program to solve the general version of 
Problem 9.57. The initial state, flow rate, and final 
pressure are input variables. Compute the required 


pump power from the assumption of constant spe- 
cific volume equal to the inlet state value. 

9.234 Write a program to solve Problem 9.171 with the 
final bottle pressure as an input variable. Printout 
the temperature right after charging and the tem- 
perature, pressure, and heat transfer after state 3 is 
reached. 

9.235 Consider a small air compressor taking atmos- 
pheric ai r i n and compressi ng i t to 1 M Pa i n a steady 
flow process. Fora maximum flow rate of 0.1 kg/s, 
discuss the necessary sizes for the piping and the 
motor to drive the unit. 

9.236 Small gasoline engine or electric motor-driven air 
compressors are used to supply compressed air 
to power tools, machine shops, and so on. The 
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compressor charges air into a tank that acts as a 
storage buffer. Find examples of these and discuss 
their sizes in terms of tank volume, charging pres- 
sure, engine, or motor power. Also, find the time it 
will take to charge the system from startup and its 
continuous supply capacity. 

9.237 A coflowing heat exchanger receives air at 800 K , 
15 M Pa and water at 15°C, 100 kPa. The two flows 
exchange energy as they flow alongside each other 
to the exit, where the air should be cooled to 350 K . 

I nvestigate the range of water flows necessary per 
kilogram per second of airflow and the possible wa- 
ter exit temperatures, with the restriction that the 
minimum temperature difference between the wa- 
ter and air should be 25°C. Include an estimation 
for the overal I entropy generati on i n the process per 
kilogram of airflow. 

9.238 Consider a geothermal supply of hot water avail- 
able as saturated liquid at Pi = 1.5 M Pa. The liq- 
uid is to be flashed (throttled) to some lower pres- 
sure, P 2 . The saturated liquid and saturated vapor 
at this pressure are separated, and the vapor is ex- 
panded through a reversible adiabatic turbine to the 
exhaust pressure, P 3 = 10 kPa. Study the turbine 
power output per unit initial mass, mias a function 
of the pressure, P 2 . 

9.239 A reversible adiabatic compressor receives air at 
the state of the surroundings, 20°C, 100 kPa. It 
should compress the air to a pressure of 1.2 M Pa 


in two stages with a constant-pressure intercooler 
between the two stages. Investigate the work in- 
put as a function of the pressure between the two 
stages, assum i ng the i ntercool er bri ngs the ai r dow n 
to 50°C. 

9.240 (Adv.) Investigate the optimal pressure, P 2 , for a 
constant-pressure intercooler between two stages 
in a compressor. Assume that the compression pro- 
cess in each stage follows a polytropic process and 
that the i ntercool er bri ngs the substance to the orig- 
inal inlet temperature, T 3 . Show that the minimal 
work for the combined stages arises when 

P 2 — (PiP 3 ) 1/2 

where P 3 is the final exit pressure. 

9.241 (Adv.) Reexamine the previous problem when the 
intercooler cools the substance to a temperature, 
T 2 > T i, due to finite heat-transfer rates. What is 
the effect of having isentropic efficiencies for the 
compressor stages of less than 100% on the total 
work and selection of P 2 ? 

9.242 Investigate the sizes of turbochargers and super- 
chargers available for automobiles. Look at their 
boost pressures and check if they also have in- 
tercoolers mounted. Analyze an example with re- 
spect to the powerinputand the air itcan deliver to 
the engine and estimate its isentropic efficiency if 
enough data are found. 


Irreversibility 
and Availability 


We now turn our attention to irreversibility and availability, two additional concepts that 
have found increasing use in recent years. These concepts are particularly applicable in 
the analysis of complex thermodynamic systems, for with the aid of a digital computer, 
irreversibility and availability are very powerful tools in design and optimization studies of 
such systems. 


10.1 AVAILABLE ENERGY, REVERSIBLE WORK, 


AND IRREVERSIBILITY 


In the previous chapter, we introduced the concept of the efficiency of a device, such as a 
turbine, nozzle, or compressor (perhaps more correctly termed a first-law efficiency, since 
it is given as the ratio of two energy terms). We will now develop concepts that include 
more meaningful second-law analysis. Our ultimate goal is to use this analysis to manage 
our natural resources and environment better. 

We first focus our attention on the potential for producing useful work from some 
sourceorsupply of energy. Consider the simplesituation shown in Fig. 10.1a, in which there 
is an energy source Q in the form of heat transfer from a very large and, therefore, constant- 
temperature reservoir at temperature!. W hat is the ultimate potential for producing work? 

To answer this question, we imagine that a cyclic heat engine is available, as shown 
in Fig. 10.1b. To convert the maximum fraction of 0 to work requires that the engine be 
completely reversible, that is, a Carnot cycle, and that the lower-temperature reservoir be 
at the lowest temperature possible, often, but not necessarily, at the ambient temperature. 
From the first and second laws for the Carnot cycle and the usual consideration of all the 
Q's as positive quantities, we find 


WrevH.E. = 0 ~ Qo 
0 _ = Oo 
T To 


so that 



( 10 . 1 ) 


We might say that the fraction of Q given by the right side of Eq. 10.1 is the avail able portion 
of the total energy quantity Q . To carry this thought one step further, consider the situation 
shown on the T-S diagram in Fig. 10.2. The total shaded area is Q. The portion of Q that is 
below T o, the environment temperature, cannot be converted into work by the heat engine 
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FIGURE 10.1 

Constant-temperature 
energy source. 


FIGURE 10.2 T-S 

diagram for a constant- 
temperature energy 
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and must instead be thrown away. This portion is therefore the unavailable portion of total 
energy Q , and the portion lying between the two temperatures T and To is the available 
energy. 

Let us next consider the same situation, except that the heat transfer Q is avail- 
able from a constant-pressure source, for example, a simple heat exchanger, as shown in 
Fig. 10.3a. The Carnot cycle must now be replaced by a sequence of such engines, with the 
result shown in Fig. 10.3b. The only difference between the first and second examples is 
that the second includes an integral, which corresponds to AS. 

AS = f ^ = 9l (10.2) 

J T Tq 

Substituting into the first law, we have 

WrevH.E. = 0 ~ T 0 AS (10.3) 

Note that this AS quantity does not include the standard sign convention. It corresponds to 
the amount of change of entropy shown in Fig. 10.3b. Equation 10.2 specifies the available 
portion of the quantity Q. The portion unavailable for producing work in this circumstance 
lies below To in Fig. 10.3b. 

in the preceding paragraphs we examined a simple cyclic heat engine receiving energy 
from di ff erent sources. We w i 1 1 now analyze real i rreversi bl e processes occurri ng i n a general 
control volume. 
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FIGURE 10.3 

Changing-temperature 
energy source. 
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Consider the actual control volume shown in Fig. 10.4 with mass and energy transfers 
including storage effects. For this control volume the continuity equation is Eq. 6.1, the 
energy equation from Eq. 6.7, and the entropy equation from Eq. 9.2. 


dm c . v . 
dt 




(10.4) 


0 j + rijhtoti — T> efttot e — 14/ c.v. ac (10.5) 

+ - X!™ eSe + Sgena c (10.6) 

We wish to establish a quantitative measure in energy terms of the extent or degree to which 
this actual process is irreversible. This is done by comparison to a similar control volume 
that only includes reversible processes, which is the ideal counterpart to the actual control 
volume.Theideal control volumeisidentical totheactual control volume in as many aspects 
as possible. It has the same storage effect (left-hand side of the equations), the same heat 
transfers Q j at T j, and the same flows m h m e at the same states, so the first four terms in 
Eqs. 10.5 and 10.6 are the same. What is different? Since it must be reversible, the entropy 
generation term is zero, whereas the actual one in Eq. 10.6 is positive. The last term in 
Eq. 10.6 is substituted for by a reversible positive flux of S, and the only reversible process 
that can increase entropy is a heat transfer in, so we allow one, Q ™ , from the ambient 
at T 0 . This heat transfer must also be present in the energy equation for the ideal control 
volume together with a reversible work term, both of which replace the actual work term. 


FIGURE 10.4 An 

actual control volume 
that includes irreversible 
processes. 
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Comparing only the last terms in Eqs. 10.5 and 10.6 for the actual control volume to the 
similar part of the equations for the ideal control volume gives 

Actual C.V . terms Ideal C.V. terms 


-'gen ac 


or 

To 


(10.7) 


< 10 ' 8 > 

From the equality of the entropy generation to the entropy flux in Eq. 10.7 we get 

0'o eV = ToSgenac (10.9) 

and the reversible work from Eq. 10.8 becomes 

1/1/ r6V = 1/1/ c.v. ac + 0 r (10.10) 

Notice that the ideal control volume has heat transfer from the ambient even if the actual 
control volume is adiabatic, and only if the actual control volume process is reversible is 
this heat transfer zero and the two control volumes identical. 

To see the reversible work as a result of all the flows and fluxes in the actual control 
volume, we solve for the entropy generation rate in Eq. 10.6 and substitute it into Eq. 10.9 
and the result into Eq. 10.10. The actual work is found from the energy equation Eq. 10.5 
and substituted into Eq. 10.10, giving the final result for the reversible work. Following this, 
we get 


, . ; rev . • rev 

1/1/ = 1/1/ CiVi ac + 0 o 


= + J2 rhihtoti 


dEr 


tote 


dt 


To 


dSr 


Oj 


dt 


E yf-E rt ' s ' + E 


m e s e 


Now combine similar terms and rearrange to become 


+ (htot/ - T 0 Si) - tote - T 0 s e ) 


d E CiV . d Sc.v. 

YT“ T "YT 


(10.11) 


The contributions from the heat transfers appear to be independent, each producing work 
as the heat transfer goes to a Carnot heat engine with low temperature To. Each flow makes 
a unique contribution, and the storage effect is expressed in the last parenthesis. This result 
represents the theoretical upper limit for the rate of work that can be produced by a general 
control volume, and it can be compared to the actual work and thus provide the measure by 
which the actual control volume system(s) can be evaluated. The difference between this 
reversible work and the actual work is called the irreversibility I , as 


rev 

1=1/1/ — 1/1/ f 


( 10 . 12 ) 
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and since this represents the difference between what is theoretically possible and what 
actually is produced, it is also called lost work. Notice that the energy is not lost. Energy is 
conserved; it is a lost opportunity to convert some other form of energy into work. We can 
also express the irreversibility in a differentform by using Eqs. 10.9 and 10.10: 

/'= W™ - Wc.v.ac = QT = To Sgenac (10.13) 

From this we see that the irreversibility is directly proportional to the entropy generation 
but is expressed in energy units, and this requires a fixed and known reference temperature 
T 0 to be generally useful. Notice how the reversible work is higher than the actual work 
by the positive irreversibility. If the device is like a turbine or is the expansion work in the 
piston/cylinder of an engine, the actual work is positive out and the reversible work is then 
iarger, so more work could be produced in a reversible process. On the other hand, if the 
device requires work input, the actual work is negative, as in a pump or compressor, the 
reversible work is higher which is closer to zero, and thus the reversible device requires I ess 
work input. These are illustrated in Fig. 10.5, with the positive actual work as case 1 and 
the negative actual work as case 2. 

The subsequent examples will illustrate the concepts of reversible work and irre- 
versibility for the simplifying cases of steady-state processes, the control mass process, 
and the transient process. These situations are all special cases of the general theory shown 
above. 


The Steady-State Process 

Consider now atypical steady single-flow device involving heat transfer and actual work. 
For a single flow, the continuity equations simplify to state the equality of the mass flow 
rates in and out (recall Eq. 6.11). For this case, the reversible work in Eq. 10.11 is divided 
with the mass flow rate to express the reversible specific work as 

w rev = t/y rev //T i =J2( 1 ~ pr) + (h tot/ - T 0 Si) - (htote “ T 0 S e ) 


(10.14) 
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EXAMPLE 10.1 


FIGURE 10.6 The 

feedwater heater for 
Example 10.1 . 


and with steady state, the last term in Eq. 10.11 drops out. For these cases, the irreversibility 
in Eqs. 10.12 and 10.13 is expressed as a specific irreversibility: 


/ — / /m — W rev — 1/1/ c.v. ac — qo eV — 7"oSgenac 



E 


u 

Tj J 


(10.15) 


The following examples will illustrate the reversible work and the irreversibility for a heat 
exchanger and a compressor with a heat loss. 


A feedwater heater has 5 kg/s water at 5 M Pa and 40°C flowing through it, being heated 
from two sources, as shown in Fig. 10.6. One source adds 900 kW from a 100°C reservoir, 
and the other source transfers heat from a 200°C reservoir such that the water exit condition 
is 5 M Pa, 180°C. Find the reversible work and the irreversibility. 


Control volume : 
Inlet state: 
Exit state: 
Process: 

Model : 


Feedwater heater extending out to the two reservoirs. 

Pi, Tj known; state fixed. 

P e , T e known; state fixed. 

Constant-pressure heat addition with no change in kinetic or 
potential energy. 

Steam tables. 


Analysis 

This control volume has a single inlet and exit flow with two heat-transfer rates coming 
from reservoirs different from the ambient surroundings. There is no actual work or actual 
heat transfer with the surroundings at 25°C. For the actual feedwater heater, the energy 
equation becomes 


hi +qi + q2 = h e 

The reversible work for the given change of state is, from Eq. 10.14, with heat transfer qq 
from reservoir Ti and heat transfer q 2 from reservoir T 2 , 

i/i/ rev = To(Se-Si) - (h e -hi) + gi^l - ^ +q 2 (l - ^ 

From Eq. 10.15, since the actual work iszero, we have 

/ = W rev -w = w rev 


© 


\ T 1 / \ 

61 62 


© 


/ “ \ 
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EXAMPLE 10.2 


Solution 

From the steam tables the inlet and exit state properties are 


hi = 171.95 kj /kg, si = 0.5705 kj /kg K 

h e = 765.24 kj /kg, s e = 2.1341 kj /kg K 

The second heat transfer is found from the energy equation as 

q 2 = h e - hi -q 1 = 765.24 - 171.95 - 900/5 = 413.29 kj /kg 
The reversible work is 

w™ = T 0 (s e - Si) -(h e -hi) 




■*i‘-£ 


= 298.2(2.1341 - 0.5705) - (765.24 - 171.95) 


180| 1- 


298.2 

3712 


413.29 1 - 


298.2 

473.2 


= 466.27 - 593.29 + 36.17 + 152.84 = 62.0 kj /kg 
The irreversibility is 

i = i/i/ rev = 62.0 kj /kg 


Consider an air compressor that receives ambient air at 100 kPa and 25°C. It compresses 
the air to a pressure of 1 M Pa, where it exits at a temperature of 540 K . Since the air 
and compressor housing are hotter than the ambient surroundings, 50 kj per kilogram air 
flowing through the compressor are lost. Find the reversible work and the irreversibility 
in the process. 


Control volume: 
Sketch: 
Inlet state: 
Exit state: 
Process: 

Model : 


The air compressor. 

Fig. 10.7. 

Pi, Ti known; state fixed. 

P e , T e known; state fixed. 

Nonadiabatic compression with no change in kinetic or 
potential energy. 

Ideal gas. 


Analysis 

This steady-state process has a single inlet and exit flow, so all quantities are determined 
on a mass basis as specific quantities. From the ideal gas air tables, we obtain 

s® = 6.8631 kj /kg K 

s£ = 7.4664 kj /kg K 


hi = 298.6 kj /kg, 
h e = 544.7 kj /kg, 
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FIGURE 10.7 

Illustration for Example 
10 . 2 . 


EXAMPLE10.2E 


Qc.v. 



so the energy equation for the actual compressor gives the work as 


q = —50 kj /kg 


w = hi -h e + q = 298.6 - 544.7 - 50 = -296.1 kj /kg 
The reversible work for the given change of state is, from Eq. 10.14, with Tj =T 0 

= 298.2(7.4664 - 6.8631 - 0.287 In 10) - (544.7 - 298.6) + 0 
= -17.2 - 246.1 = -263.3 kj /kg 
From Eq. 10.15, we get 


= T 0 (S e 


(he 


i = 1/1/ rev - W 

= -263.3 -(-296.1) = 32.8 kj /kg 


Consider an air compressor that receives ambient air at 14.7 lbf/in, 2 , 80 F. It compresses 
the air to a pressure of 150 lbf/in. 2 , where it exits at a temperature of 960 R. Since the air 
and the compressor housing are hotter than the ambient air, it loses 22 Btu/lbm air flowing 
through the compressor. Find the reversible work and the irreversibility in the process. 


Control volume : 
Inlet state: 
Exit state: 
Process: 

Model: 

Analysis 


The air compressor. 

Pi, Tj known; state fixed. 

P e , T e known; state fixed. 

Nonadiabatic compression with no change in kinetic or 
potential energy. 

Ideal gas. 


The steady-state process has a single inlet and exit flow, so all quantities are determined 
on a mass basis as specific quantities. From the ideal gas air tables, we obtain 


hi = 129.18 Btu/lbm s£ = 1.6405 Btu/lbm R 

h e = 231.20 Btu/lbm s° e = 1.7803 Btu/lbm R 
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so the energy equations for the actual compressor gives the work as 
q = —22 Btu/lbm 

iv = hi - h e + q = 129.18 - 231.20 - 22 = -124.02 Btu/lbm 
The reversible work for the given change of state is, from Eq. 10.14, with Tj = T o 

1 / 1 / rev = T 0 (s e -Si) -(h e -hi) + q(l- ^ 

= 539.7(1.7803 - 1.6405 - 0.06855 In 10.2) - (231.20 - 129.18) + 0 
= -10.47 - 192.02 = -112.49 Btu/lbm 
From Eq. 10.15, we get 

/' = i/i/ rev -i/i/ 

= -112.49 - (-124.02) = 11.53 Btu/lbm 


The expression for the reversible work includes the kinetic and potential energies in 
the total enthapy for the flow terms. In many devices these terms are negligible, so the total 
enthalpy reduces to the thermodynamic property enthalpy. For devices such as nozzles and 
diffusers the kinetic energy terms are important, whereas for longer pipes and channel flows 
that run through different elevations, the potential energy becomes important and must be 
included in the formulation. There are also steady-state processes involving more than one 
fluid stream entering or exiting the control volume. In such cases, it is necessary to use the 
original expression for the rate of work in Eq. 10.11 and drop only the last term. 


The Control Mass Process 

For a control mass we do not have a flow of mass in or out, so the reversible work is 


W™ = 



d E C.V. T d Sq.m. 

-dr- T ‘^r 


(10.16) 


showing the effects of heat transfers and storage changes. In most applications, we look at 
processes that bring the control mass from an initial state 1 to a final state 2, so Eq. 10.16 
is integrated in time to give 


1 wr = E ( X - £ 7 )^ 2 ; - [El - E ! - T 0 (S 2 - Si)] (10.17) 

and similarly, the irreversibility from Eq. 10.13 integrated in time becomes 


l/ 2 = 1 1/1/ 2 eV — 1 14/ 2 ac = T 0 lS 2 genac 

= Tq(S 2 - 5l) - E fT (10.18) 

where the last equality is substituted in the entropy generation from the entropy equation 
as Eq. 8.14 or Eq. 10.6 integrated in time. 

For many processes the changes in kinetic and potential energies are negligible, so 
the energy change E 2 - E 1 becomes l/ 2 -Ui, used in Eq. 10.17. 
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EXAMPLE 10.3 


An insulated rigid tank is divided into two parts, A and B, by a diaphragm. Each part has a 
volume of 1 m 3 . Initially, part A contains water at room temperature, 20°C, with a quality 
of 50%, while part B is evacuated. The diaphragm then ruptures and the water fills the 
total volume. Determine the reversible work for this change of state and the irreversibility 
of the process. 


Control mass : 
Initial state: 
Final state: 
Process: 
Model: 


Water 

T i, Xi known; state fixed. 

1/2 known. 

Adiabatic, no change in kinetic or potential energy. 
Steam tables. 


Analysis 

There is a boundary movement for the water, but si nee it occurs against no resistance, no 
work is done. Therefore, the first law reduces to 


m(u 2 - u 1 ) = 0 


From Eq. 10.17 with no change in internal energy and no heat transfer, 
1 W 2 rev = T 0 (S 2 -Si) = Tom(S2-Si) 

From Eq. 10.18 


1/2 = iW 2 rev - #2 = 1 W 2 rev 


Solution 

F rom the steam tables at state 1, 

Ui = 1243.5 kj /kg Vi = 28.895 m 3 /kg si = 4.4819 kj /kg K 
Therefore, 

v 2 = V 2 /m =2xi/i = 57.79 U 2 = Ui = 1243.5 

These two independent properties, V 2 and u 2 , fix state 2. The final temperature T 2 must be 
found by trial and error in the steam tables. 

For T 2 = 5°C and v 2 =>• x = 0.3928, u = 948.5 kj /kg 

For T 2 = 10°C and v 2 =>• x = 0.5433, u = 1317 kj /kg 

so the final interpolation in u gives a temperature of 9°C. If the software is used, the final 
state is interpolated to be 

T 2 = 9.1°C x 2 = 0.513 s 2 = 4.644 kj /kg K 
with the given u and v. Since the actual work is zero, we have 

1/2 = iW 2 rev = T 0 m(s 2 -Sx) 

= 293.2(l/28.895)(4.644 - 4.4819) = 1.645 kj 
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EXAMPLE 10.4 


FIGURE 10.8 

Ammonia tank and line 
for Example 1 0.4. 


The Transient Process 

The transient process has a change in the control volume from state 1 to state 2, as for 
the control mass, together with possible mass flow in at state / and/or out at state e. The 
instantaneous rate equations in Eq. 10.11 for the work and Eq. 10.13 for the irreversibility 
are integrated in time to yield 

iwf = E ( x - r ) 102 j - ToSi) - E me(/1tote - T ° Se) 

- [m 2 e 2 - /The i - T 0 (m 2 s 2 - nhSi)] (10.19) 


1/2 = iW 
= To 


2 rev — 1 H/ 2 ac — 1"oiS 2 genac 
(m 2 S 2 -miSi) + E m eSe 



( 10 . 20 ) 


where the last expression substituted the entropy generation term (integrated in time) from 
the entropy equation, Eq. 10.6. 


A 1-m 3 rigid tank, Fig. 10.8, contains ammonia at 200 kPaand ambient temperature 20°C. 
The tank is connected with a valve to a line flowing saturated liquid ammonia at -10°C. 
The valve is opened, and the tank is charged quickly until the flow stops and the valve is 
closed. As the process happens very quickly, there is no heat transfer. Determine the final 
mass in the tank and the irreversibility in the process. 


Control volume: 
Initial state: 
Inlet state: 
Final state: 
Process : 
Model: 


The tank and the valve. 

T 1 , Pi known; state fixed. 

Tj, X; known; state fixed. 

P 2 = P line known. 

Adiabatic, no kinetic or potential energy change. 
Ammonia tables. 


Analysis 

Since the line pressure is higher than the initial pressure inside the tank, flow is going 
into the tank and the flow stops when the tank pressure has increased to the line pressure. 
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The continuity, energy, and entropy equations are 


m 2 - mi — rrij 


m 2 u 2 - miUi = nrijhj = (m 2 - mi)hj 
m 2 s 2 -m 1 S 1 = m,s/ + 1 S 2g en 


where kinetic and potential energies are zero for the initial and final states and neglected 
for the inlet flow. 

Solution 

From the ammonia tables, the initial and line state properties are 

1/1 = 0.6995 m 3 /kg u 2 = 1369.5 kj /kg s : = 5.927 kj /kg K 
hi = 134.41 kj /kg s, = 0.5408 kj /kg K 
The initial mass is therefore 


mi = V/V! = 1/0.6995 = 1.4296 kg 

It is observed that only the final pressure is known, so one property is needed. The un- 
knowns are the final mass and final internal energy in the energy equation. Since only one 
property is unknown, the two quantities are not independent. From the energy equation 
we have 


m 2 (u 2 -hj) = m 1 (u 1 -h i ) 


from which it is seen that U 2 > hj and the state therefore is two-phase or superheated vapor. 
A ssume that the state is two phase; then 


m 2 = V /v 2 = 1/(0.001534 + x 2 x 0.41684) 
u 2 = 133.964 + x 2 x 1175.257 


so the energy equation is 


133.964 + x 2 x 1175.257 - 134.41 
0.001534 + x 2 x 0.041684 


= 1.4296(1369.5 - 134.41) = 1765.67 kj 


This equation is solved for the quality and the rest of the properties to give 

x 2 = 0.007182 v 2 = 0.0045276 m 3 /kg s 2 = 0.5762 kj /kg 
Now the final mass and the irreversibility are found: 


m 2 = V /v 2 = 1/0.0045276 = 220.87 kg 
iS 2 gen = m 2 s 2 - m^i - m;Si = 127.265 - 8.473 - 118.673 = 0.119 kj /K 
/ c.v. = To iS 2 gen = 293.15 X 0.119 = 34.885 kj 
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In-Text Concept Questions 

a. Can any energy transfer as heat transfer be 100% available? 

b. Is electrical work 100% available? 

c. A nozzle involves no actual work; how shouldyou then interpret the reversible work? 

d. If an actual control volume process is reversible, what can you say about the work 
term? 

e. Can entropy change in a control volume process that is reversible? 


10.2 
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What is the maximum reversible work that can be done by a given mass in a given state? In 
the previous section, we developed expressions for the reversible work for a given change 
of state for a control mass and control volume undergoing specific types of processes. For 
any given case, what final state will give the maximum reversible work? 

The answer to this question is that, for any type of process, when the mass comes 
into equilibrium with the environment, no spontaneous change of state will occur and the 
mass will be incapable of doing any work. Therefore, if a mass in a given state undergoes 
a completely reversible process until it reaches a state in which it is in equilibrium with the 
environment, the maximum reversible work will have been done by the mass. In this sense, 
we refer to the availability at the original state in terms of the potential for achieving the 
maximum possible work by the mass. 

If a control mass is in equilibrium with the surroundings, it must certainly be in 
pressure and temperature equilibrium with the surroundings, that is, at pressure P o and 
temperature To- It must also be in chemical equilibrium with the surroundings, which 
implies that no further chemical reaction will take place. Equilibrium with the surroundings 
also requires that the system have zero velocity and minimum potential energy. Similar 
requirements can be set forth regarding electrical and surface effects if these are relevant to 
a given problem. 

The same general remarks can be made about a quantity of mass that undergoes 
a steady-state process. With a given state for the mass entering the control volume, the 
reversible work will be maximum when this mass leaves the control volume in equilibrium 
with the surroundings. This means that as the mass leaves the control volume, it must be 
at the pressure and temperature of the surroundings, be in chemical equilibrium with the 
surroundings, and have minimum potential energy and zero velocity. (The mass leaving the 
control volume must of necessity have some velocity, butitcan be made to approach zero.) 

Let us consider the availability from the different types of processes and situations 
that can arise and start with the expression for the reversible work in Eq. 10.11. For that 
expression, we recognized separate contributions to the reversible work as one from heat 
transfer, another one from the mass flows, and finally, a contribution from the storage effect 
that is a change of state of the substance inside the control volume. We will now measure 
the availability as the maximum work we can get out relative to the surroundings. 

Starting with the heat transfer, we see that the contributions to the reversible work 
from these terms relative to the surroundings at To are 





Qj 


( 10 . 21 ) 
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which was the result we found in Eq. 10.1. This is now labeled as a rate of availability <i> Q 
that equals the possible reversible work that can be extracted from the heat transfers; as 
such, this is the value of the heat transfers expressed in work. We notice that if the heat 
transfers come at a higher temperature Tj, the value (availability) increases and we could 
extract a larger fraction of the heat transfers as work. This is sometimes expressed as a 
higher quality of the heat transfer. One limit is an infinite high temperature (Tj ->• oo), for 
which the heat transfer is 100% availability, and another limit is Tj = To, for which the heat 
transfer has zero availability. 

Shifting attention to theflowsand the avail ability associated with those terms, welike 
to express the availability for each flow separately and use the surroundings as a reference 
for thermal energy as well as kinetic and potential energy. Having a flow at some state 
that goes through a reversible process will result in the maximum possible work out when 
the fluid leaves in equilibrium with the surroundings. The fluid is in equilibrium with 
the surroundings when it approaches the dead state that has the smallest possible energy 
where T = T 0 and P = P 0 , with zero velocity and reference elevation Z o (normally zero at 
standard sea level). Assuming this is the case, a single flow into a control volume without 
the heat transfer and an exit state that is the dead state give a specific reversible work from 
Eq. 10.14 that is labeled exergy, with the symbol i Js representing a flow availability as 


= (h tot — TqS) — ( /r tot o — TqSo) 

= (h - T 0 s + \V 2 + gZ) - (h 0 - T 0 s 0 + gl 0 ) 


( 10 . 22 ) 


where we have written out the total enthalpy to show the kinetic and potential energy terms 
explicitly. A flow at the ambient dead state therefore has an exergy of zero, whereas most 
flows are at different states in and out. single steady flow has terms in specific exergy as 

1 h -f e = [(/I tot/ - ToSi) - (ho - TqSo + gZ o)] - [(htote - T 0 s e ) - (ho - ToSo + gZ o)] 


— (htoti ~ TqSi) — (htote — ToSe) 


(10.23) 


so the constant offset disappears when we look at differences i n exergies. The last expression 
for the change in exergy is identical to the two terms in Eq. 10.14 for the reversible work, 
so we see that the reversible work from a single steady-state flow equals the decrease in 
exergy of the flow. 

The reversible work from a storage effect due to a change of state in the control 
volume can also be used to find an availability, in this case, the volume may change, and 
some work is exchanged with the ambient, which is not available as useful work. Starting 
with the rate form, where we have a rate of volume change V , the work done against the 
surroundings is 


1/1/ surr — P oV 


(10.24) 


so the maximum available rate of work from the storage terms becomes 




(10.25) 
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Integrating this from a given state to the final state (being the dead ambient state) gives the 
availability as 

d, = — [£ 0 — E -T 0 (S 0 -S) + P 0 (V 0 -V)] 

= (E -T 0 S)-(Eo-T 0 So) + Po(V - V 0 ) 

ct’c.v. = ~n~ ~ ^o~rr~ + P qV (10.26) 

dt dt 

so the maximum available rate of work is the negative rate of change of stored availability. 
For a control mass the specific availability becomes, after dividing with mass m, 

0 = (e - T c s + P 0 v) - (e 0 - T c s c + P oVo) (10.27) 

A s we did for the flow terms, we often look at differences between two states as 

02 — 0 i = (e 2 — T 0 S 2 + P 0 V 2 ) — (ei — T 0 S 1 + PoVi) (10.28) 

where the constant offset (the last parenthesis in Eq. 10.27) drops out. 

Now that we have developed the expressions for the availability associated with the 
different energy terms, we can write the final expression for the relation between the actual 
rate of work, the reversible rate of work, and the various availabilities. The reversible work 
from Eq. 10.11, with the right-hand-side terms expressed with the availabilities, becomes 

V\i rev = i> q + y^ni/ 0 / - ^m e 0 e - <i>c.v. + PqV (10.29) 

and then the actual work from Eqs. 10.9 and 10.10 becomes 

. . ; rev ^ rev , . ; n ev , • , - « x 

Wc.v.ac = W — 0 Q =1/1/ -/ (10.30) 

From this last expression, we see that the irreversibility destroys part of the potential work 
from the various types of availability expressed in Eq. 10.29. These two equations can then 
be written out for all the special cases that we considered earlier, such as the control mass 
process, the steady single flow, and the transient process. 

The less the irreversibility associated with a given change of state, the greater the 
amount of work that will be done (or the smaller the amount of work that will be required). 
This relation is significant for at least two reasons. The first is that availability is one of our 
natural resources. This availability isfound in such forms asoil reserves, coal reserves, and 
uranium reserves. Suppose we wish to accomplish a given objective that requires a certain 
amount of work. If this work is produced reversibly while drawing on one of the availability 
reserves, the decrease in availability is exactly equal to the reversible work. Flowever, since 
there are irreversibilities in producing this required amount of work, the actual work will 
be less than the reversible work, and the decrease in availability will be greater (by the 
amount of the irreversibility) than if this work had been produced reversibly. Thus, the 
more irreversibilities we have in all our processes, the greater will be the decrease in our 
availability reserves . 1 The conservation and effective use of these avail ability reserves is an 
important responsibility for all of us. 


hn many popular talks, reference is made to our energy reserves. From a thermodynamic point of 
view, availability reserves would be a much more acceptable term. There is much energy in the 
atmosphere and the ocean but relatively little availability. 
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FIGURE 10.9 

Irreversible turbine. 




The second reason that it is desirable to accomplish a given objective with the smallest 
irreversibility is an economic one. Work costs money, and in many cases a given objectivecan 
be accomplished at I ess cost when the irreversibility isless. itshould be noted, however, that 
many factors enter into the total cost of accomplishing a given objective, and an optimization 
process that considers many factors is often necessary to arrive at the most economical 
design. For example, in a heat-transfer process, the smaller the temperature difference 
across which the heat is transferred, the less the irreversibility. However, fora given rate of 
heat transfer, a smaller temperature difference will require a larger (and therefore more 
expensive) heat exchanger. These various factors must all be considered in developing the 
optimum and most economical design. 

In many engineering decisions, other factors, such as the impact on the environment 
(for example, air pollution and water pollution) and the impact on society must be considered 
in developing the optimum design. 

Along with the increased use of availability analysis in recent years, a term called 
the second-law efficiency has come into more common use. This term refers to comparison 
of the desired output of a process with the cost, or input, in terms of the thermodynamic 
availability. Thus, the isentropic turbine efficiency defined by Eq. 9.27 as the actual work 
output divided by the work for a hypothetical isentropic expansion from the same inlet 
state to the same exit pressure might well be called a first-law efficiency, in that it is a 
comparison of two energy quantities. The second-law efficiency, as just described, would 
be the actual work output of the turbine divided by the decrease in availability from the 
same inlet state to the same exit state. For the turbine shown in Fig. 10.9, the second-law 
efficiency is 


7?2nd law — ~ (10.31) 

Vi - Ve 

In this sense, this concept provides a rating or measure of the real process in terms of 
the actual change of state and is simply another convenient way of utilizing the con- 
cept of thermodynamic availability. In a similar manner, the second-law efficiency of a 
pump or compressor is the ratio of the increase in availability to the work input to the 
device. 


EXAMPLE 10.? An insulated steam turbine (Fig. 10.10), receives 30 kg of steam per second at 3 M Pa, 
350°C. At the point in the turbine where the pressure is 0.5 M Pa, steam is bled off for 
processing equipment at the rate of 5 kg/s. The temperature of this steam is 200°C. The 
balance of the steam leaves the turbine at 15 kPa, 90% quality. Determine the availability 
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FIGURE 10.10 

Sketch for Example 10.5. 


30 kg/s 



per kilogram of the steam entering and at both points at which steam leaves the turbine, 
the isentropic efficiency and the second-law efficiency for this process. 

Control volume: Turbine. 

Inlet state: Pi,Ti known; state fixed. 

Exit state: P 2 , T 2 known; P 3 , x 3 known; both states fixed. 

Process: Steady state. 

Model : Steam tables. 


Analysis 

The availability at any point for the steam entering or leaving the turbine is given by 
Eq. 10.22; 

V 2 

if = [h -h 0 ) -T 0 (s - so) + y + g(Z - Z 0 ) 

Since there are no changes in kinetic and potential energy in this problem, this equation 
reduces to 


i/r = (h-h 0 )~ To(s-so) 


For the ideal isentropic turbine, 

1/1 / s = rhihi - 012 / 1 2s - ni 3 /i 3s 


For the actual turbine, 


1 / 1 / = rhihi - 012/12 - m 3 /i 3 


Solution 

At the pressure and temperature of the surroundings, 0.1 M Pa, 25°C, the water is a slightly 
compressed liquid, andthepropertiesof thewaterareessentially equal to thoseforsatu rated 
liquid at25°C. 


h 0 = 104.9 kj /kg 


so = 0.3674 kj /kg K 
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From Eq. 10.22 

^ i = (3115.3 - 104.9) - 298.15(6.7428 - 0.3674) = 1109.6 kj /kg 

= (2855.4 - 104.9) - 298.15(7.0592 - 0.3674) = 755.3 kj /kg 

= (2361.8 - 104.9) - 298.15(7.2831 - 0.3674) = 195.0 kj /kg 

riiifi - m 2 iA 2 - m 3 ^ 3 = 30(1109.6) - 5(755.3) - 25(195.0) = 24 637 kW 
For the ideal isentropic turbine, 


52s = 6.7428 = 1.8606 + x 2s x 4.906, x 2s = 0.9842 
h 2s = 640.2 + 0.9842 x 2108.5 = 2715.4 
S 3s = 6.7428 = 0.7549 + x 3s x 7.2536, x 3s = 0.8255 
h 3s = 225.9 + 0.8255 x 2373.1 = 2184.9 
IV s = 30(3115.3) - 5(2715.4) - 25(2184.9) = 25 260 kW 
For the actual turbine, 

1 IV = 30(3115.3) - 5(2855.4) - 25(2361.8) = 20 137 kW 
The isentropic efficiency is 


_ 20137 
^ ~ 25 260 


0.797 


and the second-law efficiency is 


_ 20137 
??2nd law “ 24 637 


0.817 


For a device that does not involve the production or the input of work, the definition 
of second-law efficiency refers to the accomplishment of the goal of the process relative 
to the process input in terms of availability changes or transfers. For example, in a heat 
exchanger, energy is transferred from a high-temperature fluid stream to a low-temperature 
fluid stream, as shown in Fig. 10.11, in which case the second-law efficiency is defined as 


772nd law — 


nil (fa - th) 
ni 3 (i/r 3 - 1A4) 


(10.32) 


The previous expressions for the second-law efficiency can be presented by a single expres- 
sion. First, notice that the actual work from Eq. 10.30 is 


IV c.v. — “^source — ^ c.v. — ^source — T Sgen c.v. ( 10 . 33 ) 

where <f> S0U rce is the total rate of availability supplied from all sources: flows, heat trans- 
fers, and work inputs. In otherwords, the outgoing availability, l/l/ c v ., equals the incoming 
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High-7’ fluid in 


FIGUREIO.11 A 

two-fluid heat exchanger. 


Low-7 fluid in 
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EXAMPLE 10.6 


FIGURE 10.12 

Sketch for Example 10.6. 


availability less the irreversibility. Then for all cases we may write 


't’wanted ‘t’source — I c.v. 
t?2nd law — ~r — T 

T’source c t> SO urce 


(10.34) 


and the wanted quantity is then expressed as avail ability whether it is actually a work term or 
a heat transfer. We can verify that this covers the turbi ne, Eq. 10.31, the pump or compressor, 
where work input is the source, and the heat exchanger efficiency in Eq. 10.32. 


In a boiler, heat is transferred from the products of combustion to the steam. The temper- 
ature of the products of combustion decreases from 1100°C to 550°C, while the pressure 
remains constant at 0.1 M Pa. The average constant-pressure specific heat of the prod- 
ucts of combustion is 1.09 kj/kg K. The water enters at 0.8 M Pa, 150°C, and leaves at 
0.8 M Pa, 250°C. Determine the second-1 aw efficiency for this process and the irreversibil- 
ity per kilogram of water evaporated. 


Control volume: 
Sketch: 
Inlet states: 
Exit states: 
Process: 
Diagram: 
Model: 


Overall heat exchanger. 

Fig. 10.12. 

Both known, given in Fig. 10.12. 

Both known, given in Fig. 10.12. 

Overall, adiabatic. 

Fig. 10.13. 

Products— ideal gas, constant specific heat. Water— steam 
tables. 


Analysis 

For the products, the entropy change for this constant-pressure process is 

(Se Sj ) p roc j = C po I n — 

I i 

Forthis control volumewecan write the following governing equations: Continuity equa- 
tion: 


(m;) H2 o = (m e ) H2 o 

(mi)prod = (m e ) P rod 


Control surface 


Products 




1100°C 





550°C 


1 

1 

© 1 

0.8 MPa Y 

Heat 

transfer 

1 

1 

1 © 

1 1 


H 2 0 



0.8 MPa 

150°C 


1 1 250°C 
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FIGURE 10.13 

Temperature-S diagram 
for Example 1 0.6. 



First law (a steady-state process): 

(niihj) h 2 q + (rriihi) prod = (rri e h e ) H2 0 + (m e /i e )p rod (c) 

Second law (the process is adiabatic for the control volume shown): 

(m e Se) H2 o + (fh e Se)p ro d = (m/S /) H2 0 + (™; S/ )prod + ^gen 


Solution 

From Eqs. a, b, and c, we can calculate the ratio of the mass flow of products to the mass 
flow of water. 


ft) prod (hi — he)p ro d — f^H 2 0 (he ~ hj) h 2 o 

flfprod — ^/)h 2 o 2950 — 632.2 

^ = (h, - he) prod = 1.09(1100 - 550) = 

The increase in availability of the water is, per kilogram of water, 


r/n-rlr l = (h 2 - hi) - T 0 (s 2 - Si) 

= (2950 - 632.2) - 298.15(7.0384 - 1.8418) 
= 768.4 kj/kg H 2 0 


The decrease in availability of the products, per kilogram of water, is 


mprod (yr 3 - 1 A 4 )= mprod 


mH 2 o 
= 3.866 


[(/13-/U) 


fTlH 2 0 

1.09(1100 - 550) - 298.151 1.09 In 


7 ” 0 (S3 — S4)] 

1373.15 


823.15 


= 1674.7 kj/kg H 2 0 


Therefore, the second-law efficiency is, from Eg. 10.32, 


) ? 2 nd law — 


768.4 

1674.7 


0.459 
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From Eq. 10.30, / = 1/1/ rev , and Eq. 10.29, the process irreversibility per kilogram of water 
is 


/' 

m H2 o 




m P 


'm H , o 


m H ,o 




= (Vo. - Vq) + ^^(Vo - ^4) 
m H2 o 

= (-768.4 + 1674.7) = 906.3 kj/kg H 2 0 


1 1 i s al so of i nterest to determi ne the net change of entropy. T he change i n the entropy 
of the water is 


(s 2 - Si)h 2 o = 7.0384 - 1.8418 = 5.1966 kj/kg H 2 0 K 
The change in the entropy of the products is 

J^(s 4 - S 3 ) prod = —3.866^1.09 ln^0 = -2.1564 kj/kg H 2 0 K 

Thus, there is a net increase in entropy during the process. The irreversibility could also 
have been calculated from Eqs. 10.6 and 10.13: 

I = ^m e T 0 Se - ^m,ToS/ = T 0 Sgen 
To(S 2 - Si) H 0 + T^( s 4 - S 3 ) prod 

m H2 0 

298.15(5.1966) + 298.15(— 2.1564) 

906.3 kj/kg H 2 0 

These two processes are shown on the T-s diagram of Fig. 10.13. Line 3-4 represents the 
process for the 3.866 kg of products. A rea 3-4-c-d-3 represents the heat transferred from 
the 3.866 kg of products of combustion, and area 3-4-e-f-3 represents the decrease in 
availability of these products. Area l-a-b- 2 -h-c-l represents the heat transferred to the 
water, and this is equal to area 3-4-c-d- 3, which represents the heat transferred from 
the products of combustion. Area l-a-b-2-g-e-l represents the increase in availability 
of the water. The difference between area 3-4-e-f-3 and area l-a-b-2-g-e-l represents 
the net decrease in availability. It is readily shown that this net change is equal to area 
f-g-h-d-f, or T 0 (As) ne t- Since the actual work is zero, this area also represents the 
irreversibility, which agrees with our calculation. 


/' 

m H2 o 


10.3 


EXERGY BALANCE EQUATION 


The previous treatment of availability or exergy in different situations was done separately 
for the steady-flow, control mass, and transient processes. For each case, an actual process 
was compared to an ideal counterpart, which led to the reversible work and the irreversibil- 
ity. When the reference was made with respect to the ambient state, we found the flow 
availability, \[r in Eq. 10.22, and the no-flow availability, in Eq. 10.27. We want to show 
that these forms of availability are consistent with one another. The whole concept is unified 
by a formulation of the exergy for a general control volume from which we will recognize 
all the previous forms of availability as special cases of the more general form. 
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In this analysis, we start out with the definition of exergy, <J> = m<p, as the maximum 
available work at a given state of a mass from Eg. 10.27, as 


c p = mcp = m(e - e 0 ) + Pom(v - v 0 ) - T 0 m(s - s 0 ) 


(10.35) 


Here subscript "0" refers to the ambient state with zero kinetic energy, the dead state, from 
which we take our reference. Because the properties at the reference state are constants, the 
rate of change for O becomes 

d<l> 

~dF 


dme. 

dm 

n dV 

dt 

~ e °w 

+ P °W~ 

dme 

n d V 

T dms 

dt 

+ P °dF 

- T " - 


„ dm _. dms 
P»v 0 -- T „ — 


dm 
T oSo — 


(fit 


T \ dl11 


(10.36) 


and we used, h 0 = eo + Po'/o; to shorten the expression. Now we substitute the rate of change 
of mass from the continuity equation, Eq. 6.1, 

d m ^ ^ ^ ^ . 

df = E m '~E m e 

the rate of change of total energy from the energy equation, Eq. 6.8, 

St= ^p = E c ?c.v.-^c.v. + 2]m / h t0t/ - 

and the rate of change of entropy from the entropy equation, Eq. 9.2, 

S 


tot e 


dS 

dt 


dms ^ ^ ^ ^ ^ ^ 0 ( 

= 2 ^ m i s i — m e s e + 


dt ^ T ' gen 

into the rate of exergy equation, Eq. 10.36. W hen that is done, we get 


d <J> 

^ = LQc. v .-w c 


V m/htot i — T.m P ht nt p ■ 


n dV 
P °~dt 


-ToE^'Si +To^m e s e - E To_ p _ T ° S 


'gen 


-(ho - 


^os 0 )[E^' - E 


m e 


(10.37) 


Now collect the terms relating to the heat transfer together and those relating to the flow 
together and group them as 


do 

~dF 



- 1/1/ 


c.v. + Pq 


d_V_ 

~dt 


Transfer by heat atT 


T ransfer by shaft/boundary work 


+ ^2 V'7 ~ E rde ^ e ^ rans f er by flow 


-ToSgen Exergy destruction (10.38) 

The final form of the exergy balance equation is identical to the equation for the re- 
versible work, Eq. 10.29, where the reversible work is substituted for by the actual work and 
the irreversibility from Eq. 10.30 and rearranged to solve for the storage term O c . v .. The 
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EXAMPLE 10.7 


rate equation for exergy can be stated verbally, like all the other balance equations: 

Rate of exergy storage = T ransfer by heat + T ransfer by shaft/boundary work 
+ T ransfer by flow - Exergy destruction 

and we notice that all the transfers take place with some surroundings and thus do not add 
up to any net change when the total world is considered. Only the exergy destruction due to 
entropy generation lowers the overall exergy level, and we can thus identify the regions in 
spacewherethisoccursasthelocationsthathaveentropy generation. Theexergy destruction 
is identical to the previously defined term, irreversibility. 


Let us look at the flows and fluxes of exergy for the feedwater heater in Example 10.1. 
The feedwater heater has a single flow, two heat transfers, and no work involved. When 
we do the balance of terms in Eq. 10.38 and evaluate the flow exergies from Eq. 10.22, 
we need the reference properties (take saturated liquid instead of 100 kPa at 25°C): 

Table B. 1.1: h 0 = 104.87 kj /kg, s 0 = 0.3673 kj /kg K 
The flow exergies become 

i h = h tot i - ho - To(S; - So) 

= 171.97 - 104.87 - 298.2 x (0.5705 - 0.3687) = 6.92 kj /kg 

V^e = 7) tot e — hg — T o(S e — So) 

= 765.25 - 104.87 - 298.2 x (2.1341 - 0.3687) = 133.94 kj/kg 
and the exergy fluxes from each of the heat transfers are 

(l - = (l- ^) 413 - 28 = 152.84 kj/kg 

The destruction of exergy is then the balance (w = 0) of Eq. 10.38 as 

ToSgen = ^1 ~ + Vt ~ 

= 36.17 + 152.84 + 6.92 - 133.94 = 62.0 kj/kg 
We can now express the heater's second-law efficiency as 

^source ~ ( c.v. 36.17 + 152.84 - 62.0 

772nd law — r — oc ti i in o/i — 0.0/ 

^source 36.17 + 152.84 

Theexergy fluxes are shown in Fig. 10.14, and the second-law efficiency shows that there 
is a potential for improvement. We should lower the temperature difference between the 
source and the water flow by adding more energy from the low-temperature source, thus 
decreasing the irreversibility. 
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FIGURE 10.14 

Fluxes, flows, and 
destruction of exergy in 
the feedwater heater. 


EXAMPLE 10.8 


FIGURE 10.15 The 

electric heating element 
and ceramic top of a 
stove. 



Ta ' v gen 


Assume a 500 W heating element in a stove with an element surface temperature of 
1000 K . On top of the element is a ceramic top with a top surface temperature of 500 K, 
both shown in Fig. 10.15. Let us disregard any heat transfer downward, and follow the flux 
of exergy, and find the exergy destruction in the process. 

Solution 

Take just the heating element as a control volume in steady state with electrical work going 
in and heat transfer going out. 

Energy Eq.: 0 

Entropy Eq.: 0 

Exergy Eq.: 0 

From the balance equations we get 

0 out = W electrical = 500 W 

Sgen = O'out/Tsurf = 500W/1000K = 0.5 W/K 

^destruction = T 0 S ge n = 298.15 K X 0.5 W/K = 149 W 

^transfer out = ^1 — Q out = ^ 1000 = W 

so the heating element receives 500 W of exergy flux, destroys 149 W, and gives out the 
balance of 351 W with the heat transfer at 1000 K . 


C.V.j, 


c.v.. 


2out 


w ol 


.500 K_ 


1000 K 




W electrical 0 out 
0 out , C 
Tsurf 


•"gen 


= - 1 


So 

J- | V out 


- 14 / 


electrical I 


T 0 S 


gen 


EXERGY BALANCE EQUATION ■ 405 


FIGURE 1 0.1 i The 

fluxes and destruction 
terms of exergy. 



Takea second control volumefrom the heating element surface to theceramic stove 
top. Here heat transfer comes in at 1000 K and leaves at 500 K with no work involved. 

Energy Eq.: 0 = Q in - Q out 

Entropy Eq.: 0 = ^ ^ + S gen 

I surf i top 

Exergy Eq.: 0 = (l - ^)o' in - (l - ^)<? out - T 0 S gai 

From the energy equation we see that the two heat transfers are equal, and the entropy 
generation then becomes 


Sgen — 


out 


I top 


f"surf 


= 500 — - 


500 1000 


W/K = 0.5 W/K 


The terms in the exergy equation become 


0 = 



298.15 \ 
Tooo “ ) 


500 w 


l- 


298.15 

~ 500 ~ 


500 W - 298. 15K x 0.5 W/K 


or 


0 = 351 W — 202 W — 149 W 

This means that the top layer receives 351 W of exergy from the electric heating element 
and givesout202 W from thetop surface, having destroyed 149W of exergy in the process. 
The flow of exergy and its destruction are illustrated in Fig. 10.16. 


In-Text Concept Questions 

f. Energy can be stored as internal energy, potential energy, or kinetic energy. A re those 
energy forms all 100% available? 

g. We cannot create or destroy energy. Can we create or destroy exergy? 

h. In a turbine, what is the source of exergy? 

i. I n a pump, what is the source of exergy? 

j. In a pump, what gains exergy? 
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10.4 ENGINEERING APPLICATIONS 


The most important application of the concepts of availability and exergy is to analyze single 
devices and complete systems with respect to the energy transfers, as well as the exergy 
transfers and destruction. Consideration of the energy terms leads to a first-law efficiency 
as a conversion efficiency for heat engines or a device efficiency measuring the actual 
device relative to a corresponding reversible device. Focusing on the exergy instead of the 
energy leads to a second-law efficiency for devices, as shown in Eqs. 10.31- 10.34. These 
second-law efficiencies are generally larger than the first-law efficiency, as they express the 
operation of the actual device relative to what is theoretically possible with the same inlet 
and exit states as in the actual device. This is different from the first-law efficiency, where 
the i deal device used i n the compari son does not have the same exit or end state as the actual 
device. 

These efficiencies are used as guidelines for the evaluation of actual devices and 
systems such as pumps, compressors, turbines, and nozzles, to mention a few common 
devices. Such comparisons rely on experience with respect to the judgment of the result, 
i.e., is a second-law efficiency of 85% considered good enough? This might be excellent 
for a compressor generating a very high pressure but not good enough for one that creates 
a moderately high pressure, and it is too low for a nozzle to be considered good. 

Besides using a second-law efficiency for devices, as previously shown, we can use 
it for complete cycle systems such as heat engines or heat pumps. Consider a simple heat 
engine that gives out actual work from a high-temperature heat transfer with a first-law 
efficiency that is an energy conversion efficiency 


Whe = >?he iOh 


W hat then is the second-law efficiency? We basically form the same relation but express it 
in terms of exergy rather than energy and recall that work is 100% exergy: 



(10.39) 


A second-law efficiency for a heat pump would be the ratio of exergy gained 
O h (or O h - O l if the low temperature O l is important) and the exergy from the source, 
which is the work input as 



(10.40) 


A similar but slightly different measure of performance is to look at the exergy 
destruction term(s), either absolute or relative to the exergy input from the source. Consider 
a more complex system such as a complete steam power plant with several devices; look 
at Problem 6.103 for an example. If we do the analysis of every component and find the 
exergy destruction in all parts of the system, we would then use those findings to guide us 
in deciding where we should spend engineering effort to improve the system. Look at the 
system parts that have the largest exergy destruction first and try to reduce that by altering 
the system design and operating conditions. For the power plant, for instance, try to lower 
the temperature differences in the heat exchangers (recall Examples 10.1 and 10.7), reduce 
the pressure and heat loss in the pi ping, and ensure that the turbine is operating in its optimal 
range, to mention just a few of the more important places that have exergy destruction. In 
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SUMMARY 


the steam condenser, a large amount of energy is rejected to the surroundings but very 
little exergy is destroyed or lost, so the consideration of energy is misleading; the flows 
and fluxes of exergy provide a much better impression of the importance for the overall 
performance. 


In-Text Concept Questions 

k. in a heat engine, what is the source of exergy? 

l. ina heat pump, what is the source of exergy? 

m. In Eq. 10.39 for the heat engine, the source of exergy was written as a heat transfer. 
What does the expression look like if the source is a flow of hot gas being cooled 
down as it gives energy to the heat engine? 


Work out of a Carnot-cycle heat engine is the available energy in the heat transfer from 
the hot source; the heat transfer to the ambient air is inavailable. When an actual device 
is compared to an ideal devic with the same flows and states in and out, we get to the 
concept of reversible work and exergy (availability). The reversible work is the maximum 
work we can get out of a given set of flows and heat transfers or, alternatively, the mini mum 
work we have to put into the device. The comparison between the actual work and the 
theoretical maximum work gives a second-law efficiency. When exergy (availability) is 
used, the second-law efficiency can also be used for devices that do not involve shaftwork 
such as heat exchangers. In that case, we compare the exergy given out by one flow to 
the exergy gained by the other flow, giving a ratio of exergies instead of energies used 
for the first-law efficiency. Any irreversibility (entropy generation) in a process destroys 
exergy (availability) and is undesirable. The concept of available work can be used to give a 
general definition of exergy as being the reversible work minus the work that must go to the 
ambient air. From this definition, we can construct the exergy balance equation and apply 
it to different control volumes. From a design perspective, we can then focus on the flows 
and fluxes of exergy and improve the processes that destroy exergy. 

You should have learned a number of skills and acquired abilities from studying this 
chapter that will allow you to 

• U nderstand the concept of available energy. 

• U nderstand that energy and availability are different concepts. 

• Be able to conceptualize the ideal counterpart to an actual system and find the 
reversible work and heat transfer in the ideal system. 

• U nderstand the difference between a first-law and a second-law efficiency. 

• Relate the second-law efficiency to the transfer and destruction of availability. 

• Be able to look at flows (fluxes) of exergy. 

• Determine irreversibilities as the destruction of exergy. 

• K now that destruction of exergy is due to entropy generation. 

• K now that transfers of exergy do not change total or net exergy in the world. 

• Know that the exergy equation is based on the energy and entropy equations and thus 
does not add another law. 
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CONCEPT-STUDY GUIDE PROBLEMS 

10.1 Why does the reversible C.V. counterpart to the 
actual C.V. have the same storage and flow 
terms? 

10.2 Can one of the heat transfers in Egs. 10.5 and 10.6 
be to or from the ambient air? 

10.3 Is all the energy in the ocean available? 

10.4 Doesa reversible process change the avail ability if 
there is no work involved? 

10.5 Is the reversible work between two states the same 
as ideal work for the device? 


10.6 W hen is the reversible work the same as the isen- 
tropic work? 

10.7 Ifl heatsomecold liguid waterto T 0 , do I increase 
its availability? 

10.8 Are reversible work and availability (exergy) con- 
nected? 

10.9 Consider, the availability (exergy) associated with 
a flow. The total exergy is based on the thermo- 
dynamic state and the kinetic and potential ener- 
gies. Can they all be negative? 
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10.10 Verify that Eq. 10.29 reduces to Eq. 10.14 for a 
steady-state process. 

10.11 What is the second-law efficiency of a Carnot heat 
engine? 

10.12 What is the second-law efficiency of a reversible 
heat engine? 


10.13 For a nozzle, what is the output and input (source) 
expressed in exerg ies? 

10.14 Is the exergy equation independent of the energy 
and entropy equations? 

10.15 Use the exergy balance equation to find the effi- 
ciency of a steady- state Carnot heat engine operat- 
ing between two fixed temperature reservoirs. 


HOMEWORK PROBLEMS 

Available E nergy, Reversible Work 

10.16 Find the availability of 100 kW delivered at 
500 K when the ambient temperature is 300 K . 

10.17 A control mass gives out 10 kj of energy in the 
form of 

a. Electrical work from a battery. 

b. M echanical work from a spring. 

c. Heat transfer at 500°C. 

Find the change in availability of the control mass 
for each of the three cases. 

10.18 A refrigerator should remove 1.5 kW from the 
cold space at -10°C while it rejects heat to the 
kitchen at 25°C. Find the reversible work. 

10.19 A heat engine receives 5 kW at 800 K and 
10 kW at 1000 K , rejecting energy by heat transfer 
at 600 K . A ssume it is reversi bleand fi nd the power 
output. How much power could be produced if it 
could reject energy atr 0 = 298 K? 

10.20 A household refrigerator has a freezer at 7> and 
a cold space at Tc from which energy is removed 
and rejected to the ambient at T A , as shown in 
Fig. P10.20. Assuming that the rate of heat trans- 
fer from the cold space, Oc, is the same as from 

\ Ta / 

Qa 



FIGURE P10.20 


the freezer, Q F , find an expression for the min- 
imum power into the heat pump. Evaluate this 
power when T A = 20°C, Tc = 5°C , 7> = -10°C, 
and 0 f =3 kW. 

10.21 The compressor in a refrigerator takes refrigerant 
R-134a in at 100 kPa, -20°C, and compresses it 
to 1 M Pa, 40°C. With the room at 20°C, find the 
minimum compressor work. 

10.22 Find the specific reversible work for an R-134a 
compressor with an inlet stateof -20°C, 100 kPa 
and an exit state of 600 kPa, 50°C. Use a 25°C 
ambient temperature. 

10.23 C alculate the reversi ble work out of the two-stage 
turbine shown in Problem 6.80, assuming the am- 
bient is at 25°C. Compare this to the actual work, 
which was found to be 18.08 M W. 

10.24 A compressor in a refrigerator receives R -410a at 
150 kPa, -40°C and brings it up to 600 kPa, 40°C 
in an adiabatic compression. Find the specific re- 
versible work. 

10.25 An air compressor takes air in at the state of the 
surroundings, 100 kPa, 300 K. The air exits at 400 
kPa, 200°C, at the rate of 2 kg/s. Determine the 
minimum compressor work input. 

10.26 Find the specific reversible work for a steam tur- 
bine with inlet at 4 M Pa and 500°C and an actual 
exit state of 100 kPa, x = 1.0 with 25°C ambient 
surroundings. 

10.27 A steam turbine receives steam at 6 M Pa, 800°C . 
It has a heat loss of 49.7 kj/kg and an isentropic 
efficiency of 90%. For an exit pressure of 15 kPa 
and surroundings at 20°C, find the actual work 
and the reversible work between the inlet and the 
exit. 

10.28 An air flow of 5 kg/min at 125 kPa, 1500 K, 
goes through a constant-pressure heat exchanger, 
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giving energy to the heat engine shown in Fig. 
P10.28. The air exits at 500 K, and the ambient is 
at 298 K ; 100 kPa. Find the rate of heat transfer 
delivered to the engine and the power the engine 
can produce. 



Ql 


/ Amb. \ 
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10.29 Water at 15 M Pa, 1000°C, is flowing through a 
heat exchanger, giving off energy to come out as 
saturated liquid water at 15 M Pa in a steady flow 
process. Find the specific heat transfer and the 
specific reversible work for the water. 

10.30 An air compressor receives atmospheric air at 
To = 100 kPa, 17°C, and compresses it up to 
1400 kPa. The compressor has an isentropic effi- 
ciency of 88%, and it loses energy by heat transfer 
to the atmosphere as 10% of the isentropic work. 
F i nd the actual exit temperature and the reversi ble 
work. 

10.31 Air flows through a constant-pressure heating de- 
vice, shown in Fig. P10.31. It is heated up in a 
reversible process with a work input of 200 kj/kg 
air flow. The device exchanges heat with the am- 
bient at 300 K . The air enters at 400 kPa, 300 K . 
Assuming constant specific heat, develop an ex- 
pression for the exit temperature and solve for it 
by iterations. 
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10.32 A rock bed consists of 6000 kg granite and is 
at 70°C. A small house with a lumped mass of 
12 000 kg wood and 1000 kg iron is at 15°C.They 
are now brought to a uniform final temperature 
with no external heat transfer by connecting the 
house and rock bed through some heat engines. If 
the process i s reversi bl e, fi nd the fi nal tern perature 
and the work done during the process. 

10.33 A constant-pressure piston/cylinder has 1 kg of 
saturated liquid water at 100 kPa. A rigid tank 
contains air at 1000 kPa, 1000 K. They are now 
thermally connected by a reversible heat engine 
cooling the air tank and boiling the water to sat- 
urated vapor. Find the required amount of air and 
the work out of the heat engine. 

10.34 A piston/cylinder has forces on the piston, so it 
keeps constant pressure. It contains 2 kg of am- 
monia at 1 M Pa, 40°C, and is now heated to 100°C 
by a reversi ble heat engine that receives heat from 
a 200°C source. Find the work out of the heat 
engine. 

10.35 A basement is flooded with6m 3 of water at 15°C. 
It is pumped out with a small pump driven by a 
0.75 kW electric motor. The hose can reach 8 m 
vertically up, and to ensure that the water can flow 
over the edge of a dike, it should have a velocity 
of 15 m/s at that point generated by a nozzle (see 
Fig. P10.35). Find the maximum flow rate you can 
get and determine how fast the basement can be 
emptied. 
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Irreversibility 

10.36 A room at 20°C is heated with a 1500 W electric 
baseboard heater. W hat is the rate of irreversibil- 
ity? 

10.37 A refrigerator removes 1.5 kW from thecold space 
at -10°C using 750 W of power input while it 
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rejects heat to the kitchen at 25°C. Find the rate 
of irreversibility. 

10.38 Calculate the irreversibility for the condenser in 
Problem 9.89, assuming an ambient temperature 
of 17°C. 

10.39 The throttle process in Example 6.5 is an irre- 
versible process. Find the reversible work and ir- 
reversibility assuming an ambient temperature at 
25°C. 

10.40 A compressor in a refrigerator receives R-410a 
at 150 kPa, -40°C and brings it up to 600 
kPa, 40°C in an adiabatic compression. Find the 
specific work, entropy generation, and irrevers- 
ibility. 

10.41 A constant-pressure piston/cylinder contains 2 kg 
of water at 5 MPa and 100°C. FI eat is added 
from a reservoir at 700°C to the water until it 
reaches 700°C. Find the total irreversibility in the 
process. 

10.42 Calculate the reversible work and irreversibility 
for the process described in Problem 5.114, as- 
suming that the heat transfer is with the surround- 
ings at 20°C. 

10.43 A constant "flow" of steel parts at 2 kg/s, 20°C, 
goes into a furnance, where the parts are heat 
treated to 900°C by a source at an average 1250 K . 
Find the revsersible work and the irreversibility in 
this proess. 

10.44 Fresh water can be produced from saltwater by 
evaporation and subsequent condensation. A n ex- 
ample is shown in Fig. P10.44, where 150 kg/s 
saltwater, state 1, comes from the condenser in a 
large power plant. The water is throttled to the 
saturated pressure in the flash evaporator, and 
the vapor, state 2, is then condensed by cool- 
ing with sea water. As the evaporation takes 
place below atmospheric pressure, pumps must 
bring the liquid water flows back up to Pq. As- 
sume that the saltwater has the same properties 
as pure water, the ambient air is at 20°C, and 
there are no external heat transfers. With the 
states as shown in the following table, find the 
irreversibility in the throttling valve and in the 
condenser. 

State 1 2 3 4 5 6 7 8 

T[° C] 30 25 25 - 23 - 17 20 



10.45 Two flows of air, both at 200 kPa of equal flow 
rates, mix in an insulated mixing chamber. One 
flow is at 1500 K, and the other is at 300 K . Find 
the irreversibility in the process per kilogram of 
air flowing out. 

10.46 A computer CPU chip consists of 50 g silicon, 
20 g copper, and 50 g polyvinyl chloride (plastic). 
It now heats from ambient 25°C to 70°C in an adi- 
abatic process as the computer is turned on. Find 
the amount of irreversibility. 

10.47 R-134a is flowed into an insulated 0.2 m 3 ini- 
tially empty container from a line at 500 kPa, 
saturated vapor, until the flow stops by it- 
self. Find the final mass and temperature in 
the container and the total irreversibility in the 
process. 

10.48 Air enters the turbocharger compressor (see Fig. 
P10.48) of an automotiveengineatlOOkPa, 30°C, 
and exits at 170 kPa. The air is cooled by 50°C 
in an intercooler before entering the engine. The 
isentropic efficiency of the compressor is 75%. 
Determine the temperature of the air entering the 
engine and the irreversibility of the compression- 
cooling process. 
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10.49 A rock bed consists of 6000 kg granite and is at 
70°C.A small housewith a lumped massof 12 000 
kg wood and 1000 kg iron is at 15°C . T hey are now 
brought to a uniform final temperature by circu- 
lating water between the rock bed and the house. 
Find the final temperature and the irreversibility 
in the process, assuming an ambient temperature 
of 15°C. 

10.50 A car air-conditioning unit has a 0.5-kg aluminum 
storage cylinder that is sealed with a valve, and it 
contai ns 2 L of refrigerant R - 134a at 500 kPa; both 
are at room temperature 20°C. it is now installed 
in a car sitting outdoors, where the whole system 
cools down to the ambient temperature of -10°C. 
What is the irreversibility of this process? 

10.51 A constant-pressure piston/cylinder has 1 kg of 
saturated liquid water at 100 kPa. A rigid tank con- 
tains air at 1000 kPa, 1000 K . They are now ther- 
mally connected by conduction through the walls, 
cooling the air tank and transforming the water 
into saturated vapor. Find the required amount of 
air and the irreversibility of the process, assuming 
no external heat transfer. 

10.52 The water cooler in Problem 7.25 operates at 
steady state. Find the rate of exergy destruction 
(irreversibility) assuming a room at To. 

Availability (Exergy) 

10.53 Find all exergy transfers in Problem 8.167. 

10.54 A heat engine receives 1 kW of heat transfer at 
1000 K and gives out 600 W as work, with the 
rest as heat transfer to the ambient. W hat are the 
fluxes of exergy in and out? 

10.55 A heat pump has a coefficient of performance 
(COP) of 2 using a power input of 3 kW. Its low 
temperature isT 0 and its high temperature is 80°C . 


Find the fluxes of exergy associated with the en- 
ergy fluxes in and out. 

10.56 A flow of air at 1000 kPa, 300 K, is throttled to 
500 kPa. Find the irreversibility and the drop in 
flow availability. 

10.57 Find the change in availability from inlet to exit 
of the condenser in Problem 9.47. 

10.58 A steady stream of R-410a at an ambient temper- 
ature of 800 kPa, 20°C, enters a solar collector 
and exits at 80°C, 600 kPa. Calculate the change 
in exergy of the R410a. 

10.59 Calculate the change in availability (kW) of the 
two flows in Problem 9.99 assuming To is20°C. 

10.60 Consider the springtime melting of ice in the 
mountains, which provides cold water running in 
a river at 2°C while the air temperature is 20°C. 
W hat is the availability of the water relative to the 
ambient temperature? 

10.61 Nitrogen flows in a pipe with a velocity of 300 
m/s at 500 kPa and 300°C. W hat is its availability 
with respect to ambient surroundings at 100 kPa 
and 20°C? 

10.62 A power plant has an overall thermal efficiency of 
40%, receiving 100 M W of heat transfer from hot 
gases at an average of 1300 K, and rejects heat 
transfer at 50°C from the condenser to a river at 
an ambient temperature of 20°C .Find the rate of 
both energy and exergy (a) from the hot gases and 
(b) from the condenser. 

10.63 A geothermal source provides 10 kg/s of hot water 
at 500 kPa and 150°C flowing into a flash evap- 
orator that separates vapor and liquid at 200 kPa. 
Find the three fluxes of availability (inlet and two 
outlets) and the irreversibility rate. 



10.64 A steady-flow device receives R -410a at 800 kPa, 
40°C, which exits at 100 kPa, 40°C. Assume a 
reversible isothermal process. Find the change in 
specific exergy. 
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10.65 An air compressor is used to charge an initially 
empty 200-L tankwith ai r up to 5 M Pa.Theairin- 
letto the compressor is at 100 kPa, 17°C, and the 
compressor’s isentropic efficiency is 80%. Find 
thetotal compressor work and the change in avail- 
ability of the air. 

10.66 F i nd the exergy at al I four states i n the power plant 
in Problem 9.47 with an ambient of 298 K . 

10.67 C alcul ate the avai labi I ity of the water at the i nitial 
and final states of Problem 8.126, and the irre- 
versibility of the process. 

10.68 Air flows at 100 kPa and 1500 K through a 
constant-pressure heat exchanger, giving energy 
to a heat engine, and comes out at 500 K . At what 
constant temperature should the same heat trans- 
fer be delivered to provide the same availability? 

10.69 A flow of 0.1 kg/s hot water at 80°C is mixed with 
a flow of 0.2 kg/s cold water at 20°C in a shower 
fixture. Find the rate of exergy destruction forthis 
process. 

10.70 A n el ectri c stove has one heati ng el ement at 300°C 
getting 500 W of electric power. It transfers 90% 
of the power to 1 kg water i n a kettl e i ni ti al ly at 100 
kPa, ambient 20°C; the remaining 10% leaks to the 
room air. The water at a uniform T is brought to 
the boiling point. Atthe start of the process, what 
is the rate of availability transfer by (a) electrical 
input, (b) from heating element, and (c) into the 
water atT wat er? 

10.71 A water kettle has 1 kg of saturated liquid water at 
Po. It is on an electric stove that heats it from a hot 
surface at 500 K . Water vapor escapes from the 
kettle, and when the last liquid drop disappears, 
the stove is turned off. Find the destruction of ex- 
ergy in two places: (a) between the hot surface and 
thewaterand (b) between the electrical wire input 
and the hot surface. 

10.72 A 10-kg i ron di sk brakeon a car i s i ni ti al ly at 10°C . 
Suddenly the brake pad hangs up, increasing the 
brake temperature by friction to 110°C while the 
car maintains constant speed. Find the change in 
availability of the disk and the energy depletion 
of the car’s gas tank due to this process alone. A s- 
sume that the engine has a thermal efficiency of 
35%. 

10.73 Water as saturated liquid at 200 kPa goes through 
a constant-pressure heat exchanger as shown in 


Fig. P10.73. The heat input is supplied from a 
reversible heat pump extracting heat from thesur- 
roundingsatl7°C.Thewaterflow rate i s 2 kg/mi n 
and the whole process is reversible, that is, there 
is no overall net entropy change. If the heat pump 
receives 40 kW of work, find the water exit state 
by iteration and the increase in availability of the 
water. 
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10.74 Ammonia, 2 kg, at 400 kPa, 40°C is in a piston/ 
cylinder together with an unknown mass of sat- 
urated liquid ammonia at 400 kPa. The piston 
is loaded, so it maintains constant pressure, and 
the two masses are allowed to mix to a final uni- 
form state of saturated vapor w ithout external heat 
transfer. Find the total exergy destruction in the 
process. 

10.75 A 1-kg block of copper at 350°C is quenched in 
a 10-kg oil bath initially at ambient temperature 
of 20°C . Calculate the final uniform temperature 
(no heat transfer to/from ambient) and the change 
in availability of the system (copper and oil). 

10.76 A wooden bucket (2 kg) with 10 kg hot liquid wa- 
ter, both at 85°C, is lowered 400 m down into a 
mine shaft. What is the availability of the bucket 
and water with respect to the surface ambient at 
20°C? 

Exergy Balance Equation 

10.77 Apply the exergy equationtosolveProblem 10.18. 

10.78 A pply theexergy equationtosolveProblem 10.36 
with Tq — 20°C. 
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10.79 Find the specific flow exergy in and out of the 
steam turbine in Example 9.1 assuming an ambi- 
ent at 293 K . U se the exergy balance equation to 
find the reversible specific work. Does this calcu- 
lation of specific work depend on T 0 ? 

10.80 A counterflowing heat exchanger cools air at 600 
K, 400 kPa, to 320 K using a supply of water at 
20°C, 200 kPa. The water flow rate is 0.1 kg/s, 
and the air flow rate is 1 kg/s. Assume this can 
be done in a reversible process by the use of heat 
engines and neglect kinetic energy changes. Find 
the water exit temperature and the power out of 
the heat engine(s). 

10.81 Apply the exergy equationtosolveProblem 10.37. 

10.82 Estimatesomereasonabletemperaturestouseand 
find all the fluxes of exergy in the refrigerator 
given in Example 7.2. 

10.83 Find the specific energy and exergy that the con- 
denser gives out in Problem 9.47, assuming an 
ambient of 20°C. Also find the specific exergy 
destruction. 

10.84 Evaluate the steady-state exergy fluxes due to a 
heat transfer of 250 W through a wall with 600 K 
on one side and 400 K on the other side, shown in 
Fig. P10.84. W hat is the exergy destruction in the 
wall? 


600 K 


Wall 
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10.85 Apply the exergy equation to find the exergy de- 
struction in Problem 10.54. 

10.86 The condenser in a power plant cools 10 kg/s 
water at 10 kPa, quality 90%, so that it comes 
out as saturated liquid at 10 kPa. The cooling is 
done by ocean water coming in at ambient 15°C 
and returned to the ocean at 20°C. Find the trans- 
fer out of the water and the transfer into the ocean 
water of both energy and exergy (four terms). 

10.87 Consider the car engine in Example 7.1 and as- 
sume the fuel energy is delivered at a constant 
1500 K . The 70% of the energy that is lost is 40% 


exhaust flow at 900 K, and the remainder 30% 
heat transfer to the walls at 450 K goes on to the 
coolant fluid at 370 K, finally ending up in atmo- 
spheric air at ambient 20°C. Find all the energy 
and exergy flows for this heat engine. Also find 
the exergy destruction and where that is done. 

10.88 Use the exergy balance equation to solve for the 
work in Problem 10.34. 

Device and Cycle Second-Law Efficiency 

10.89 A heat engine receives 1 kW heat transfer at 1000 
K and gives out 600 W as work, with the rest 
as heat transfer to the ambient. Find its first- and 
second-law efficiencies. 

10.90 Find the second-law efficiency of the heat pump 
in Problem 10.55. 

10.91 A heat exchanger increases the availability of 
3 kg/s water by 1650 kj /kg usi ng 10 kg/s ai r com- 
ing in at 1400 K and leaving with 600 kj/kg less 
availability. What are the irreversibility and the 
second-law efficiency? 

10.92 A steam turbine inlet is at 1200 kPa, 500°C. The 
actual exit is at 300 kPa, with actual work of 
407 kj/kg. What is its second-law efficiency? 

10.93 Find the isentropic efficiency and the second-law 
efficiency for the compressor in Problem 10.24. 

10.94 A steam turbine has inlet at 4 M Pa and 500°C and 
actual exit of 100 kPa with x = 1.0. Find its first- 
law (isentropic) and its second-law efficiencies. 

10.95 Steam enters a turbine at 25 M Pa, 550°C and exits 
at 5 M Pa, 325°C at a flow rate of 70 kg/s. Deter- 
mine the total power output of the turbine, its isen- 
tropic efficiency, and the second-law efficiency. 

10.96 Find the isentropic and second-law efficienciesfor 
a turbi ne. 1 1 receives steam at 3000 kPa, 500°C and 
has two exit flows, one at 1000 kPa, 350°C with 
20% of the flow and the remainder at 200 kPa, 
200°C . 

10.97 A heat engine operating with an environment at 
298 K produces 5 kW of power output with a 
first-law efficiency of 50%. It has a second-law 
efficiency of 80% and T L = 310 K. Find all the 
energy and exergy transfers in and out and the 
exergy destruction. 

10.98 A steam turbine inlet is at 1200 kPa, 500°C. The 
actual exit i s at 200 kPa, 300°C. Whatare the isen- 
tropic efficiency and its second- 1 aw efficiency? 
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10.99 Airflows into a heat engine at ambient conditions 
100 kPa, 300 K , as shown in Fig. P10. 99. Energy is 
supplied as 1200 kj/kg airfrom a 1500 K source, 
and i n some part of the process a heat-transfer loss 
of 300 kj/kg air occurs at 750 K. The air leaves 
the engine at 100 kPa, 800 K . Find the first- and 
second- 1 aw efficiencies. 
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10.100 Air enters a compressor at ambient conditions, 
100 kPa and 300 K, and exits at 800 kPa. If 
theisentropic compressor efficiency is 85%, what 
is the second-law efficiency of the compressor 
process? 

10.101 A compressor is used to bring saturated water 
vapor at 1 M Pa up to 15 M Pa, where the actual 
exit temperature is 650°C. Find the irreversibility 
and the second-law efficiency. 

10.102 Usetheexergy equation to analyze the compressor 
in Example 6.10 to find its second-law efficiency, 
assuming an ambient at20°C. 

10.103 Calculate the second-law efficiency of the coun- 
terflowing heat exchanger in Problem 9.99 with 
an ambient temperature of 20°C . 

10.104 An air-compressor receives air at 100 kPa, 290 K, 
and brings it up to a higher pressure in an adi- 
abatic process. The actual specific work is 210 
kj/kg and the isentropic efficiency is 82%. Find 
the exit pressure and the second-law efficiency. 

10.105 Calculate the second-law efficiency of the coflow- 
ing heat exchanger in Problem 9.102 with an am- 
bient temperature at 17°C . 

10.106 A flow of 2 kg/s water at 1000 kPa, 80°C, goes 
into a constant-pressure boiler, where the water is 
heated to 400°C . A ssume that the hot gas that heats 
the water is air coming in at 1200 K and leaving 


at 900 K, as in a counterflowing heat exchanger. 
Find the total rate of irreversibility in the process 
and the second-law efficiency of the boiler setup. 

10.107 A steam turbine receives 5 kg/s steam at 400°C, 
10 MPa. One flow of 0.8 kg/s is extracted at 
2.5 M Pa as saturated vapor, and the remainder 
runs out at 1500 kPa with a quality of 0.975. Find 
the second-law efficiency of the turbine. 

10.108 A heat exchanger brings 10 kg/s water f rom 100°C 
to 500°C at 2000 kPa using air coming in at 1400 
K and leaving at 460 K. What is the second-law 
efficiency? 

Additional problems with applications of exergy related 

to cycles are found in Chapters 11 and 12. 


Review Problems 

10.109 Calculate the irreversibility for the process de- 
scribed in Problem 6.139, assuming that heat 
transfer is with the surroundings at 17°C. 

10.110 The high-temperature heat source for a cyclic heat 
engine is a steady-flow heat exchanger where R- 
134a enters at 80°C, saturated vapor, and exits at 
80°C , saturated liquid at a flow rate of 5 kg/s. FI eat 
is rejected from the heat engine to a steady-flow 
heat exchanger where air enters at 150 kPa and 
ambient temperature 20°C and exits at 125 kPa, 
70°C. The rate of irreversibility for the overall 
process is 175 kW. Calculate the mass flow rate 
of the air and the thermal efficiency of the heat 
engine. 



V 


150 kPa 
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125 kPa 
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I 

vvvvv 
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10.111 Calculate the availability of thesystem (aluminum 
plus gas) at the initial and final states of Problem 
8.181, and also the process irreversibility. 

10.112 A rigid container with volume 200 L is divided 
into two equal volumes by a partition. Both sides 
contain nitrogen; onesideis at 2 M Pa, 300°C, and 
the other is at 1 M Pa, 50°C. The partition rup- 
tures, and the nitrogen comes to a uniform state at 
100°C. Assuming the surroundings are at 25°C, 
find the actual heat transfer and the irreversibility 
in the process. 

10.113 Consider the heat engine in Problem 10.99. The 
exit temperature was given as 800 K, but what 
arethetheoretical limitsforthistemperature? Find 
the lowest and highest limits, assuming the heat 
transfers are as given. For each case give the first- 
and second-law efficiencies. 

10.114 A small air gun has 1 cm 3 air at 250 kPa, 27°C. 
The piston is a bullet of mass 20 g. What is the 
potential highest velocity with which the bullet 
can leave? 

10.115 Find the irreversibility in the cooling process of 
the glass plate in Problem 6.132. 

10.116 Consider the nozzle in Problem 9.147. What is the 
second-law efficiency for the nozzle? 

10.117 Air in a piston/cylinder arrangement, shown in 
Fig. P 10. 117, is at 200 kPa, 300 K, with a volume 
of 0.5 m 3 . If the piston is at the stops, the volume 
is 1 m 3 and a pressure of 400 kPa is required. The 
air is then heated from the initial state to 1500 K 
by a 1900 K reservoir. Find the total irreversibility 
in the process, assuming the surroundings are at 
20°C . 



10.118 A 1 kg rigid steel tank contains 1.2 kg of R-134a 
at 500 kPa, 20°C. Now the setup is placed in a 
freezer that brings it to -20°C. The freezer op- 
erates in a 20°C kitchen and has a COP that is 
half that of a Carnot refrigerator. Find the heat 
transfer out of the R - 134a, the extra work i nput to 
the refrigerator due to this process, and the total 
irreversibility, including that of the refrigerator. 

10.119 A piston/cylinder arrangement has a load on the 
piston, so it maintains constant pressure. It con- 
tains 1 kg of steam at 500 kPa, 50% quality. FI eat 
from a reservoir at 700°C brings the steam to 
600°C. Find the second-law efficiency for this 
process. N ote that no formula is given for this par- 
ticular case, so determine a reasonable expression 
for it. 

10.120 Consider the nozzle in Problem 9.147. W hat is the 
second-law efficiency for the nozzle? 

10.121 A jet of air at 200 m/s flows at 100 kPa, 25°C, 
towards a wall, where the jet flow stagnates and 
leaves atvery low velocity. Consider theprocess to 
be adiabatic and reversible. Use the exergy equa- 
tion and thesecond law to find thestagnation tem- 
perature and pressure. 
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10.122 A i r in a piston/cyli nder arrangement is at 110 kPa, 
25°C, with a volumeof 50 L. itgoes through a re- 
versible polytropic process to a final state of 700 
kPa, 500 K , and exchanges heat with the ambient 
air at 25°C through a reversible device. Find the 
total work (including that of the external device) 
and the heat transfer from the ambient. 

10.123 Consider the light bulb in Problem 8.185. What 
are the fluxes of exergy at the various locations 
mentioned? What is the exergy destruction in the 
filament, the entire bulb including the glass, and 
the entire room including the bulb? The light does 
not affect the gas or the glass in the bulb, but it is 
absorbed on the room walls. 
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10.124 Consider the irreversible process in Problem 
8.177. A ssume that the process could be done re- 
versibly by adding heat engines/pumps between 
tanks A and B and the cylinder. The total system 
is insulated, so there is no heat transfer to or from 
the ambient air. Find the final state, the work given 


out to the piston, and the total work to or from the 
heat engines/pumps. 

10.125 Air enters a steady-flow turbi neat 1600 K and ex- 
hausts to the atmosphere at 1000 K . The second- 
law efficiency is 85%. What is the turbine inlet 
pressure? 


ENGLISH UNIT PROBLEMS 

10.126E A control mass gives out 1000 Btu of energy in 
the form of 

a. Electrical work from a battery 

b. M echanical work from a spring 

c. H eat transfer at 700 F 

Find the change in availability of the control 
mass for each of the three cases. 

10.127E A refrigerator should remove 1.5 Btu/sfrom the 
cold space at 15 F while rejecting heat to the 
kitchen at 77 F. Find the reversible work. 

10.128E A heat engine receives 15 000 Btu/h at 1400 Ft 
and 30 000 Btu/h at 1800 R , rejecting energy by 
heat transfer at 900 R. Assume it is reversible 
and find the power output. Flow much power 
could be produced if it could reject energy at 
T 0 = 540 R? 

10.129 The compressor in a refrigerator takes refriger- 
ant R- 134a in at 15 lbf/in. 2 , 0 F, and compresses 
it to 125 lbf/in. 2 , 100 F. With the room at 70 F, 
fi nd the reversi ble heat transfer and the mi ni mum 
compressor work. 

10.130S A compressor in a refrigerator receives R-410a 
at 20 psia, -40 F and brings it up to 100 psia, 
100 F in adiabatic compression. Find the specific 
reversible work. 

10.131E Air flows through a constant- pressure heating 
device as shown in Fig. P10.31. It is heated 
up in a reversible process with a work input of 
85 Btu/lbm air flowing. The device exchanges 
heat with the ambient at 540 R. The air enters at 
540 R, 60 lbf/in. 2 . Assuming constant specific 
heat, develop an expression for the exit temper- 
ature and solve for it. 

10.132E A rock bed consistsof 12 000 Ibm graniteand is 
at 160 F. A small house with a lumped mass of 
24 000 Ibm wood and 2000 Ibm iron is at 60 F. 
They are now broughtto a uniform final temper- 
ature with no external heat transfer by connect- 


ing the house and rock bed through some heat 
engines. If the process is reversible, find the fi- 
nal temperature and the work done during the 
process. 

10.133 A basement is flooded with 250 ft 3 of water at 
60 F. It is pumped out with a small pump driven 
by a 0.75 kW electric motor. The hose can reach 
25 ft vertically up, and to ensure that the water 
can flow over the edge of a dike, it should have 
a velocity of 45 ft/s at that point generated by 
a nozzle (see Fig. P10.35). Find the maximum 
flow rate you can get and determine how fast the 
basement can be emptied. 

10.134 A constant-pressure piston/cylinder contains 4 
Ibm of water at 1000 psia, 200 F. FI eat is added 
from a reservoir at 1300 F to the water until it 
reaches 1300 F. Find the total irreversibility in 
the process. 

10.135 A compressor in a refrigerator receives R-410a 
at 20 psia, -40 F, and brings it up to 100 psia, 
100 F, in adiabatic compression. Find the specific 
work, entropy generation, and irreversibility. 

10.136 : A cylinder with a piston restrained by a linear 

spring contains 4 Ibm of carbon dioxide at 70 
psia, 750 F. it is cooled to 75 F, at which point the 
pressure is 45 psia. Find the reversi ble work and 
the i rreversi bi lity, assumi ng that the heat transfer 
is with surroundings at 68 F. 

10.137E Fresh water can be produced from saltwater by 
evaporation and subsequent condensation. An 
example is shown in Fig. P10.44, where 300 
Ibm/s saltwater, state 1, comes from the con- 
denser in a large power plant. The water is throt- 
tled to the saturated pressure in the flash evap- 
orator, and the vapor, state 2, is then condensed 
by cooling with sea water. As the evaporation 
takes place below atmospheric pressure, pumps 
must bring the liquid water flows back up to P q. 
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A ssume that the saltwater has the same proper- 
ties as pure water, the ambient is at 68 F, and 
there are no external heat transfers. With the 
states as shown in the following list, find the 
irreversibility in the throttling valve and in the 
condenser. 

State 1 2 3 4 5 6 7 8 

T [F] 86 77 77 - 74 - 63 68 

10.138 E Air enters the turbocharger compressor of an au- 
tomotive engine at 14.7 lbf/in. 2 , 90 F, and exits 
at 25 lbf/in. 2 , as shown in Fig. P 10.48. The air is 
cooled by 90 F in an intercooler before entering 
the engine. The isentropic efficiency of thecom- 
presso r i s 75% . D eterm i ne the tern peratu re of the 
air entering the engine and the irreversibility of 
the compression-cooling process. 

10.139: A rock bed consists of 12 000 Ibm granite and 
is at 160 F. A small house with a lumped mass 
of 24 000 Ibm wood and 2000 Ibm iron is at 
60 F. They are now brought to a uniform fi- 
nal temperature by circulating water between the 
rock bed and the house. Find the final temper- 
ature and the irreversibility in the process, as- 
suming an ambient temperature of 60 F. 

10.140 A heat engine receives 3500 Btu/h heat transfer 
at 1800 R and gives out 2000 B tu/h as work, w ith 
the rest as heat transfer to the ambi ent. W hat are 
the fluxes of exergy in and out? 

10.1411: A heat pump has a COP of 2 using a power input 
of 15 000 Btu/h. Its low temperature is To and 
its the high temperature is 180 F, with ambient 
at T 0 . Find the fluxes of exergy associated with 
the energy fluxes in and out. 

10.142 A flow of air at 150 psia, 540 R, is throttled to 
75 psia. What is the irreversibility? W hat is the 
drop in flow availability? 

10.1431: A steady-flow device receives R-410a at 
125 psia, 100 F, and it exits at 15 psia, 100 F. 
Assume a reversible isothermal process. Find 
the change in specific exergy. 

10.1441 Consider the springtime melting of ice in the 
mountains, which gives cold water running in a 
river at 34 F while the air temperature is 68 F. 
What is the flow availability of the water relative 
to the temperature of the ambient? 


10.145!-. A geothermal source provides 20 Ibm/s of hot 
water at 80 lbf/in. 2 , 300 F, flowing into a flash 
evaporator that separates vapor and liquid at 
30 lbf/in. 2 . Find the three fluxes of availabil- 
ity (inlet and two outlets) and the irreversibility 
rate. 

10.146? An air compressor is used to charge an initially 
empty 7-ft 3 tank with air up to 750 lbf/in. 2 . The 
air inlet to the compressor is at 14. 7 lbf/in. 2 , 60 F, 
and the compressor isentropic efficiency is 80%. 
Find the total compressor work and the change 
in energy of the air. 

10.1471: A n electric stove has one heating element at 600 
F getting 500 W of electric power. It transfers 
90% of the power to 2 Ibm water in a kettle 
initially at ambient 70 F, 1 atm; the rest, 10%, 
leaks to the room air. The water at a uniform T 
is brought to the boiling point. At the start of 
the process, w hat i s the rate of avai I abi I i ty trans- 
fer by (a) electrical input, (b) from the heating 
element, and (c) into the water atT wa ter? 

10.148: A 20-lbm iron disk brake on a car is at 50 F. 
Suddenly the brake pad hangs up, increasing the 
brake temperature by friction to 230 F whilethe 
car maintains constant speed. Find the change in 
availability of the disk and the energy depletion 
of the car's gas tank due to this process alone. 
A ssume that the engine has a thermal efficiency 
of 35%. 

10.149 A wood bucket (4 Ibm) with 20 Ibm hot liquid 
water, both at 180 F, is lowered 1300 ft down 
into a mine shaft. W hat is the availability of the 
bucket and water with respect to the surface am- 
bient at 70 F? 

10.150 Apply the exergy equation to find the exergy de- 
struction in Problem 10.140. 

10.151 The condenser in a power plant cools 20 Ibm/s 
water at 120 F, quality 90%, so that it comes out 
as saturated liquid at 120 F. The cooling is done 
by ocean water coming in at 60 F and returned 
to the ocean at 68 F. F i nd the transfer out of the 
water and the transfer into the ocean water of 
both energy and exergy (four terms). 

10.152E A heat engine receives 3500 Btu/h heat transfer 
at 1800 R and gives out 2000 B tu/h as work, w ith 
the rest as heat transfer to the ambient. Find its 
first- and second-law efficiencies. 
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10. 153 : Find the second-law efficiency of the refrigera- 
tor in Problem 10.141. 

10.1541 A heat exchanger increases the availability of 
6 Ibm/s water by 800 Btu/lbm using 20 Ibm/s 
air coming in at 2500 R and leaving with 
250 Btu/lbm less availability. What is the irre- 
versibility and the second-law efficiency? 

10.155/: Find the isentropic efficiency and the second- 
law efficiency for the compressor in Problem 
10.130. 

10.156? A steam turbine has an inlet at 600 psia, 900 
F, and an actual exit of 1 atm with x = 1.0. 
Find its first-law (isentropic) and second-law 
efficiencies. 

10.157E A heat engine operating with an environment 
at 540 R produces 17 000 Btu/h of power out- 
put with a first-law efficiency of 50%. It has a 
second-law efficiency of 80% and T L = 560 R. 
Find all the energy and exergy transfers in and 
out. 

10.158 Air flows into a heat engine at ambient con- 
ditions 14.7 lbf/in. 2 , 540 R, as shown in Fig. 
P.10.99. Energy is supplied as 540 Btu/lbm air 
from a 2700 R source, and in some part of the 
process, a heat transfer loss of 135 Btu/lbm air 
happens at 1350 R. The air leaves the engine at 
14.7 lbf/in. 2 , 1440 R. Find thefirst- and second- 
law efficiencies. 

10.1593 A compressor is used to bring saturated water 
vapor at 103 lbf/in. 2 up to 2000 lbf/in. 2 , where 
the actual exit temperature is 1200 F. Find the 
irreversibility and the second- 1 aw efficiency. 

10.1601 A coflowing (same direction) heat exchanger 
has one line with 0.5 Ibm/s oxygen at 68 F and 


30 psia entering, and the other line has 1.2 Ibm/s 
nitrogen at 20 psia and 900 R entering. The heat 
exchanger is long enough so that the two flows 
exit at the same temperature. U se constant heat 
capacities and find the exit temperature and the 
second-law efficiency for the heat exchanger, as- 
suming ambient at 68 F. 

10.161 : Calculate the irreversibility for the process de- 
scri bed in Problem 6.191, assuming that the heat 
transfer is with the surroundings at 61 F. 

10.1623 Calculate the availability of the system (alu- 
minum plus gas) at the initial and final states 
of Problem 8.233, as well as the irreversibility. 

10.163 Air in a piston/cylinder arrangement, shown in 
Fig. P.10.117, is at 30 lbf/in. 2 , 540 R, with a vol- 
ume of 20 ft 3 . If the piston is at the stops, the 
volume is 40 ft 3 and a pressure of 60 lbf/in. 2 
is required. The air is then heated from the ini- 
tial state to 2700 R by a 3400 R reservoir. Find 
the total irreversibility in the process, assuming 
surroundings are at 70 F. 

10.1641 A piston/cylinder arrangement has a load on the 
piston, so it maintains constant pressure. It con- 
tains 1 Ibm of steam at 80 lbf/in. 2 , 50% quality. 
FI eat from a reservoir at 1300 F brings the steam 
to 1000 F. Find the second-law efficiency for 
this process. Note that no formula is given for 
this particular case, so determine a reasonable 
expression for it. 

10.1653 The exit nozzle in a jet engine receives air at 
20 psia, 2100 R, with negligible kinetic energy. 
The exit pressure is 10 psia, and the actual exit 
temperature is 1780 R. What is the actual exit 
velocity and the second-law efficiency? 


COMPUTER, DESIGN, AND OPEN-ENDED PROBLEMS 


10.166 Use the software to determine the properties of 
water as needed and calculate the second-law ef- 
ficiency of the low-pressure turbine in Problem 
6.106. 

10.167 The maximum power a windmill can possibly ex- 
tract from the wind is 

W = ^ V 2 = ^ /flair x KE 


Water flowing through FlooverDam (seeProblem 
6.44) produces 1/1/ = 0.8/fl wate r gh- Burning 1 kg 
of coal gives 24 000 kj delivered at 900 K to a 
heat engine. Find other examples in the literature 
and from problems in the previous chapters with 
steam and gases into turbines. List the availabil- 
ity (exergy) for a flow of 1 kg/s of substance with 
the above examples. Use a reasonable choice for 
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the values of the parameters and do the necessary 
analysis. 

10.168 Consider the nuclear power plant shown in Prob- 
lem 6.106. Select one feedwater heater and one 
pump and analyze their performance. Check the 
energy balances and do the second-law analysis. 
Determine the change of availability in all the 
flows and discuss measures of performance for 
both the pump and the feedwater heater. 

10.169 Reconsider the use of the geothermal energy as 
discussed in Problem 6.110. Theanalysisthatwas 
done and the original problem statement specified 
the turbine exit state as 10 kPa, 90% quality. Re- 
consider this problem with an adiabatic turbine 
having an isentropic efficiency of 85% and an exit 
pressureof 10 kPa. Include a second-law analysis 
and discuss the changes in availability. Describe 
another way of using the geothermal energy and 
make appropriate calculations. 

10.170 Energy can be stored in many different forms. 
Thermal energy can be stored as internal energy in 
a mass like a rock bed, water, or metals. M echan- 


ical energy (potential or kinetic) can be stored in 
springs, rotating flywheels, elevated masses, and 
the like. A tank with a compressed gas that can 
drive a turbine is used. Batteries are used in cars. 
L ist at least five different ways of storing 1000 M J 
of energy and size the systems. N ote how the en- 
ergy is taken out and find the availability for each 
case. Discuss the various alternatives. 

10.171 F i nd from the I iterature the amount of energy that 
must be stored in a car to start the engine. Size 
three different systems to provide that energy and 
compare those to an ordinary car battery. Discuss 
the feasibility and cost. 

10.172 To minimize the exergy destruction in heating 
applications, you try to match the source to the 
application. Look at various means of heating 
water for use in a home. Electrically, solar pan- 
els, gas or oil furnaces, or heat pumps are just 
some of the possibilities. Search for a few more 
options and evaluate those systems with respect 
to the exergy transfer from the source to the 
water. 


Power and 
Refrigeration 
Systems — With 
Phase Change 



Some power plants, such as the simple steam power plant, which we have considered several 
ti mes, operate i n a cycl e. T hat is, the worki ng fl uid undergoes a seri es of processes and fi nal ly 
returns to the initial state. In other power plants, such as the internal-combustion engine 
and the gas turbine, the working fluid does not go through a thermodynamic cycle, even 
though the engine itself may operate in a mechanical cycle. In this instance, the working 
fluid has a different composition or is in a different state at the conclusion of the process 
than it had or was in at the beginning. Such equipment is sometimes said to operate on 
an open cycle (the word cycle is a misnomer), whereas the steam power plant operates 
on a closed cycle. The same distinction between open and closed cycles can be made 
regarding refrigeration devices. For both the open- and closed-cycle apparatus, however, 
it is advantageous to analyze the performance of an idealized closed cycle similar to the 
actual cycle. Such a procedure is particularly advantageous for determining the influence 
of certain variables on performance. For example, the spark-ignition internal-combustion 
engine is usually approximated by the Otto cycle. From an analysis of the Otto cycle, we 
conclude that increasing the compression ratio increases the efficiency. This is also true for 
the actual engine, even though the Otto-cycle efficiencies may deviate significantly from 
the actual efficiencies. 

This chapter and the next are concerned with these idealized cycles for both power 
and refrigeration apparatus. This chapter focuses on systems with phase change, that is, 
systems utilizing condensing working fluids, while Chapter 12 deals with gaseous working 
fluids, where there is no change of phase. In both chapters, an attempt will be made to point 
out how the processes in the actual apparatus deviate from the ideal. Consideration is also 
given to certain modifications of the basic cycles that are intended to improve performance. 
These modifications includetheuseof devices such as regenerators, multistage compressors 
and expanders, and intercoolers. Various combinations of these types of systems and also 
special applications, such as cogeneration of electrical power and energy, combined cycles, 
topping and bottoming cycles, and binary cyclesystems, are also discussed in thesechapters 
and in the chapter-end problems. 
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1 1 .1 INTRODUCTION TO POWER SYSTEMS 


In introducing the second law of thermodynamics in Chapter 7, we considered cyclic heat 
engines consisting of four separate processes. We noted that these engines can be operated 
as steady-state devices involving shaft work, as shown in Fig. 7.18, or as cylinder/piston 
devices involving boundary-movement work, as shown in Fig. 7.19. The former may have 
a working fluid that changes phase during the processes in the cycle or may have a single- 
phase working fluid throughout. The latter type would normally have a gaseous working 
fluid throughout the cycle. 

Fora reversible steady-state process involving negligible kinetic and potential energy 
changes, the shaft work per unit mass is given by Eg. 9.15, 



For a reversible process involving a simple compressible substance, the boundary 
movement work per unit mass is given by Eg. 4.3, 



The areas represented by these two integrals are shown in Fig. 11.1. It is of interest 
to note that, in the former case, there is no work involved in a constant- pressure process, 
while in the latter case, there is no work involved in a constant- volume process. 

Let us now consider a power system consisting of four steady-state processes, as in 
Fig. 7.18. We assume that each process is internally reversible and has negligible changes 
in kinetic and potential energies, which results in the work for each process being given by 
Eg. 9.15. For convenience of operation, we will make the two heat-transfer processes (boiler 
and condenser) constant-pressure processes, such that those are simple heat exchangers 
involving no work. Let us also assume that the turbine and pump processes are both adiabatic 
and are therefore isentropic processes. Thus, the four processes comprising the cycle are as 
shown in Fig. 11.2. Note that if the entire cycle takes pi ace inside the two-phase I iguid- vapor 
dome, the resulting cycle is the Carnot cycle, since the two constant-pressure processes are 
also isothermal. Otherwise, this cycle is not a Carnot cycle. In either case, we find that the 
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FIGURE 11.1 

Comparison of shaft 
work and boundary- 
movement work. 
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FIGURE 11.2 Four- 
process power cycle. 



net work output for this power system is given by 

vdP + vdP 

and, since P 2 = P 3 and Pi = P 4, we find that the system produces a net work output 
because the specific volume is larger during the expansion from 3 to 4 than it is during the 
compression from 1 to 2. This result is also evident from the areas -/ v dP in Fig. 11.2. 
We conclude that it would be advantageous to have this difference in specific volume be as 
large as possible, as, for example, the difference between a vapor and a liquid. 

If the four-process cycle shown in Fig. 11.2 were accomplished in a cylinder/piston 
system involving boundary-movement work, then the net work output for this power system 
would be given by 


W net : 


- f* vdP + 0- j\dP + 0 = - jf 


P dv + J P dv + 

and from these four areas in Fig. 11.2, we note that the pressure is higher during any given 
change in volume in the two expansion processes than in the two compression processes, 
resulting in a net positive area and a net work output. 

For either of the two cases just analyzed, it is noted from Fig. 11.2 that the net work 
output of the cycle is equal to the area enclosed by the process lines 1-2- 3-4-1, and this 
area is the same for both cases, even though the work terms for the four individual processes 
are different for the two cases. 

In this chapter we will consider the first of the two cases examined above, steady- 
state flow processes involving shaft work, utilizing condensing working fluids, such that the 
difference in the -fv dP work terms between the expansion and compression processes 
is a maximum. Then, in Chapter 12, we will consider systems utilizing gaseous working 
fluids for both cases, steady-state flow systems with shaft work terms and piston/cylinder 
systems involving boundary-movement work terms. 

In the next several sections, we consider the Rankine cycle, which is the ideal four- 
steady-state process cycle shown in Fig. 11.2, utilizing a phase change between vapor and 
liquid to maximize the difference in specific volume during expansion and compression. 
This is the idealized model for a steam power plant system. 
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11.2 


THE RAN KINE CYCLE 


We now consider the idealized four-steady-state- process cycle shown in Fig. 11.2, in which 
state 1 is saturated liquid and state 3 is either saturated vapor or superheated vapor. This 
system is termed the Rankine cycle and is the model for the simple steam power plant. It is 
convenient to show the states and processes on a T-s diagram, as given in Fig. 11.3. The 
four processes are: 


1- 2: Reversible adiabatic pumping process in the pump 

2- 3: Constant-pressure transfer of heat in the boiler 

3- 4: Reversible adiabatic expansion in the turbine (or other prime mover such as a steam 

engine) 

4- 1: Constant-pressure transfer of heat in the condenser 


As mentioned earlier, the Rankine cycle also includes the possibility of superheating 
the vapor, as cycle l-2-3'-4'-l. 

If changes of kinetic and potential energy are neglected, heat transfer and work may 
be represented by various areas on the T -s diagram. The heat transferred to the working 
fluid is represented by area a-2-2'-3-b-a and the heat transferred from the working fluid 
by area a- 1-4- b- a. From the first law we conclude that the area representing the work is the 
difference between these two areas— area 1- 2- 2'- 3-4-1. The thermal efficiency is defined 
by the relation 


m/ net _ area 1—2— 2'— 3— 4—1 
q H ~ areaa-2-2'-3-b-a 


( 11 . 1 ) 


VmtoliEr 


For analyzing the Rankine cycle, it is helpful to think of efficiency as depending on 
the average temperature at which heat is supplied and the average temperature at which heat 
is rejected. Any changes that increase the average temperature at which heat is supplied or 
decrease the average temperature heat is rejected will increase the R anki ne-cycl e efficiency. 

In analyzing the ideal cycles in this chapter, the changes in kinetic and potential 
energies from one point in the cycle to another are neglected. In general, this is a reasonable 
assumption for the actual cycles. 

It is readily evident that the Rankine cycle has lower efficiency than a Carnot cycle 
with the same maxi mum and minimum temperatures as a Rankine cycle because the average 


FIGURE 11.3 Simple 
steam power plant that 
operates on the Rankine 
cycle. 
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temperature between 2 and 2' is less than the temperature during evaporation. We might 
well ask, why choose the Rankine cycle as the ideal cycle? Why not select the Carnot cycle 
1'- 2'- 3-4-1'? At least two reasons can be given. The first reason concerns the pumping 
process. State 1' is a mixture of liquid and vapor. Great difficulties are encountered in 
building a pump that will handle the mixture of liquid and vapor at V and deliver saturated 
liquid at 2'. it is much easier to condense the vapor completely and handle only liquid in the 
pump: The Rankine cycle is based on this fact. The second reason concerns superheating 
the vapor. In the Rankine cycle the vapor is superheated at constant pressure, process 
3-3'. In the Carnot cycle all the heat transfer is at constant temperature, and therefore the 
vapor is superheated in process 3-3". Note, however, that during this process the pressure 
is dropping, which means that the heat must be transferred to the vapor as it undergoes an 
expansion process in which work is done. This heat transfer is also very difficult to achieve 
in practice. Thus, the Rankine cycle is the ideal cycle that can be approximated in practice. 
In the foil owing sections, we will consider some variations on the Rankine cycle that enable 
it to approach more closely the efficiency of the Carnot cycle. 

Before we discuss the influence of certain variables on the performance of the Rankine 
cycle, we will study an example. 


EXAMP Determine the efficiency of a Rankine cycle using steam as the working fluid in which the 


condenser pressure is 10 kPa. The boiler pressure is 2 M Pa. The steam leaves the boiler 
as saturated vapor. 

In solving Rankine-cycle problems, we let w p denote the work into the pump per 
kilogram of fluid flowing and q L denote the heat rejected from the working fluid per 
kilogram of fluid flowing. 

To solve this problem we consider, in succession, a control surface around the pump, 
the boiler, the turbine, and the condenser. For each, the thermodynamic model is the steam 
tables, and the process is steady state with negligible changes in kinetic and potential 
energies. First, consider the pump: 

Control volume: Pump. 

Inlet state: P i known, saturated liquid; state fixed. 

Exit state: P 2 known. 


Analysis 


Energy Eq.: w p = h 2 -hi 
Entropy Eq.: s 2 = Si 


and so 



Solution 

Assuming the liquid to be incompressible, we have 


1 / 1 /p = v(P 2 - Pi) = (0.001 01)(2000 - 10) = 2.0 kj /kg 
h 2 = h 1 + w p = 191.8 + 2.0 = 193.8 kj/kg 
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Now consider the boiler: 

Control volume: Boiler. 

Inlet state: P 2 , h 2 known; state fixed. 

Exit state: P 3 known, saturated vapor; state fixed. 

Analysis 

Energy Eq.: q H =h 3 -h 2 

Solution 

Substituting, we obtain 

q H =h 3 -h 2 = 2799.5 - 193.8 = 2605.7 kj /kg 
Turni ng to the turbi ne next, we have: 

Control volume: Turbine. 

Inlet state : State 3 known (above). 

Exit state: P 4 known. 

Analysis 

Energy Eq.: w t = h 3 - h 4 
Entropy Eq.: s 3 = s 4 

Solution 

Wecan determine the quality atstate4 asfollows: 

s 3 = s 4 = 6.3409 = 0.6493 + x 4 7.5009, x 4 = 0.7588 
h 4 = 191.8 + 0.7588(2392.8) = 2007.5 kj /kg 
w t = 2799.5 - 2007.5 = 792.0 kj /kg 

Finally, we consider the condenser. 

Control volume: Condenser. 

Inlet state: State 4 known (as given). 

Exit state: State 1 known (as given). 

Analysis 

Energy Eq.: q L =h 4 -h 1 

Solution 

Substituting, we obtain 

q L = h 4 - h 1 = 2007.5 - 191.8 = 1815.7 kj /kg 
Wecan now calculate the thermal efficiency: 

Wnet Qh -Ql W t -Wp 792.0 - 2.0 
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We could also write an expression for thermal efficiency in terms of properties at various 
points in the cycle: 

_ (h 3 -h 2 )-(h,-h 1 ) _ (h 3 -fu)-(h 2 -h 1 ) 

^ h 3 — h 2 h 3 — h 2 

2605.7 - 1815.7 792.0 - 2.0 on 

= 2605J = 2605.7 = 3 °' 3/ ° 


11.3 


EFFECT OF PRESSURE AND TEMPERATURE 
ON THE RANKINE CYCLE 


Let us first consider the effect of exhaust pressure and temperature on the Rankine cycle. 
This effect is shown on the T -s diagram of Fig. 11.4. Let the exhaust pressure drop from 
P 4 to P 4 with the corresponding decrease in temperature at which heat is rejected. The net 
work is increased by area l-4-4'-r-2'-2-l (shown by the shading). The heat transferred 
to the steam is increased by area a'-2'-2-a-a'. Since these two areas are approximately 
equal, the net result is an increase in cycle efficiency. This is also evident from the fact that 
the average temperature at which heat is rejected is decreased. Note, however, that lowering 
the back pressure causes the moisture content of the steam leaving the turbine to increase. 
This is a significant factor because if the moisture in the low-pressure stages of the turbine 
exceeds about 10%, not only is there a decrease in turbine efficiency, but erosion of the 
turbine blades may also be a very serious problem. 

Next, consider the effect of superheating the steam in the boiler, as shown in Fig. 11.5. 
We see that the work is increased by area 3- 3'- 4'- 4- 3, and the heat transferred in the boiler 
is increased by area 3-3'-b'-b-3. Si nee the ratio of these two areas is greater than the ratio 
of net work to heat supplied for the rest of the cycle, it is evident that for given pressures, 
superheating the steam increases the Rankine-cycle efficiency. This increase in efficiency 
would also follow from the fact that the average temperature at which heat is transferred 
to the steam is increased. Note also that when the steam is superheated, the quality of the 
steam leaving the turbine increases. 

Finally the influence of the maximum pressure of the steam must be considered, and 
this is shown in Fig. 11.6. In this analysis the maximum temperature of the steam, as well 


T 



FIGURE 11.4 Effect 
of exhaust pressure on 
Rankine-cycle efficiency. 


a a 


b 
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FIGURE 11.5 Effect 
of superheating on 
Rankine-cycle efficiency. 



as the exhaust pressure, is held constant. The heat rejected decreases by area 
The net work increases by the amount of the single cross-hatching and decreases by the 
amount of the double cross-hatching. Therefore, the net work tends to remain the same, 
but the heat rejected decreases, and hence the Rankine-cycle efficiency increases with an 
increase in maximum pressure. Note that in this instance too the average temperature at 
which heat is supplied increases with an increase in pressure. The quality of the steam 
leaving the turbine decreases as the maximum pressure increases. 

To summarize this section, we can say that the net work and the efficiency of the 
Rankine cycle can be increased by lowering the condenser pressure, by increasing the 
pressure during heat addition, and by superheating the steam. The quality of the steam 
leaving the turbine is increased by superheating the steam and decreased by lowering the 
exhaust pressure and by increasing the pressure during heat addition. Thses effects are 
shown in Figs. 11.7 and 11.8. 

I n connection with these considerations, we note that the cycle is modeled with four 
known processes (two isobaric and two isentropic) between the four states with a total 
of eight properties. Assuming state 1 is saturated liquid (xi = 0), we have three (8-4-1) 
parameters to determine. The operating conditions are physically controlled by the high 
pressure generated by the pump, P 2 = P 3 , the superheat to T 3 (orx 3 = 1 if none), and the 
condenser temperature Ti, which is a result of the amount of heat transfer that takes place. 


FIGURE 1 1 .6 Effect 
of boiler pressure on 
Rankine-cycle efficiency. 
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EXAMPLE 11.2 



Effect of pressure and 
temperature on Rankine-cycle work. 



Effect of pressure 
and temperature on Rankine-cycle 
efficiency. 


In a Rankine cycle, steam leaves the boiler and enters the turbine at 4 M Pa and 400°C. 
The condenser pressure is 10 kPa. Determine the cycle efficiency. 

To determine the cycle efficiency, we must calculate the turbine work, the pump 
work, and the heat transfer to the steam in the boiler. We do this by considering a control 
surface around each of these components in turn. I n each case the thermodynamic model 
is the steam tables, and the process is steady state with negligible changes in kinetic and 
potential energies. 

Control volume: Pump. 

Inlet state: Pi known, saturated liquid; statefixed. 

Exit state: P 2 known. 

Analysis 

Energy Eq.: w p = h 2 -hi 
Entropy Eq.: s 2 = Si 
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Since S 2 = Si, 


l 


h 2 - hi = / v dP = v ( P 2 - Pi) 


Solution 

Substituting, we obtain 

iv p = v(P 2 - Pi) = (0.001 01X4000 - 10) = 4.0 kj /kg 
hi = 191.8 kj/kg 
h 2 = 191.8 + 4.0 = 195.8 kj/kg 
For the turbine we have: 


Control volume: Turbine. 

Inlet state: P 3 ,T 3 known; state fixed. 

Exit state: P 4 known. 

Analysis 

Energy Eq.: w t — h 3 - h 4 
Entropy Eq.: s 4 = S 3 

Solution 


U pon substitution we get 

h 3 = 3213.6 kj/kg, s 3 = 6.7690 kj/kg K 
s 3 = s 4 = 6.7690 = 0.6493 + x 4 7.5009, x 4 = 0.8159 
h 4 = 191.8 + 0.8159(2392.8) = 2144.1 kj/kg 
w t = h 3 -h 4 = 3213.6 - 2144.1 = 1069.5 kj/kg 
iv n et = w t - w p = 1069.5 - 4.0 = 1065.5 kj /kg 
Finally, for the boiler we have: 

Control volume: Boiler. 

Inlet state: P 2 , h 2 known; state fixed. 

Exit state: State 3 fixed (as given). 

Analysis 

Energy Eq.: q H =h 3 -h 2 


Solution 


Substituting gives 

q H =h 3 -h 2 = 3213.6 - 195.8 = 3017.8 kj/kg 


nth 


W net 


1065.5 

301L8 


35.3% 


The net work could also be determined by calculating the heat rejected in the condenser, 
q L , and noting, from the first law, that the net work for the cycle is equal to the net heat 
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EXAMPLE 11. 2E 


transfer. Considering a control surface around the condenser, we have 
q L =h 4 -h 1 = 2144.1 - 191.8 = 1952.3 kj /kg 

Therefore, 


w ne t = q H - q L = 3017.8 - 1952.3 = 1065.5 kj /kg 


in a Rankine cycle, steam I eaves the boiler and enters the turbine at 600 Ibf/in . 2 and 800 F. 
The condenser pressure is 1 Ibf/in. 2 . Determine the cycle efficiency. 

To determine the cycle efficiency, we must calculate the turbine work, the pump 
work, and the heat transfer to the steam in the boiler. We do this by considering a control 
surface around each of these components in turn, i n each case the thermodynamic model 
is the steam tables, and the process is steady state with negligible changes in kinetic and 
potential energies. 


Control volume: 
Inlet state: 
Exit state: 


Pump. 

P i known, saturated liquid; state fixed. 
P 2 known. 


Analysis 


Sinces 2 = Si, 


Solution 


Energy Eq.: w p = h 2 -hi 
Entropy Eq.: s 2 = s 2 


h 2 -hi = J^ v dP = v(P 2 - Pi) 


Substituting, we obtain 

i/i ip = v(P 2 - Pi) = 0.01614(600 - 1) x 
hi = 69.70 


144 

778 


h 2 = 69.7 + 1.8 = 71.5 Btu/lbm 


1.8 Btu/lbm 


For the turbine we have 


Control volume: Turbine. 

Inlet state: P 3, 7 3 known; state fixed. 
Exit state : P 4 known. 


Analysis 


Energy Eq.: w t = hs-h 4 
Entropy Eq.: s 4 = S 3 
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Solution 


Upon substitution we get 

h 3 = 1407.6 s 3 = 1.6343 
s 3 = s 4 = 1.6343 = 1.9779 - (1 - x) 4 1.8453 
(1 — x) 4 = 0.1861 

h 4 = 1105.8 - 0.1861(1036.0) = 913.0 
w t = h 3 -h 4 = 1407.6 - 913.0 = 494.6 Btu/lbm 
i/i/ net = w t - w p = 494.6 - 1.8 = 492.8 Btu/lbm 
Finally, for the boiler we have: 

Control volume: Boiler. 

Inlet state: P 2 ,h 2 known; state fixed. 

Exit state: State 3 fixed (as given). 

Analysis 

Energy Eg.: q H =h 3 -h 2 


Solution 

Substituting gives 


q H =h 3 -h 2 = 1407.6 - 71.5 = 1336.1 Btu/lbm 


M/net 



492.8 

13361 


36.9% 


The net work could also be determined by calculating the heat rejected in the condenser, 
q L , and noting, from the first law, that the net work for the cycle is equal to the net heat 
transfer. Considering a control surface around the condenser, we have 


q L =h 4 -h 1 = 913.0 - 69.7 = 843.3 Btu/lbm 


Therefore, 


w net = qH ~ Ql = 1336.1 - 843.3 = 492.8 Btu/lbm 


11.4 


THE REHEAT CYCLE 


In the previous section, we noted that the efficiency of the Rankine cycle could be increased 
by increasing the pressure during the addition of heat. However, the increase in pressure 
also increases the moisture content of the steam in the low-pressure end of the turbine. The 
reheat cycle has been developed to take advantage of the increased efficiency with higher 
pressures and yet avoid excessive moisture in the low-pressure stages of the turbine. This 
cycle is shown schematically and on a T-s diagram in Fig. 11.9. The unique feature of this 
cycle is that the steam is expanded to some intermediate pressure in the turbine and is then 
reheated in the boiler, after which it expands in the turbine to the exhaust pressure. It is 
evident from the T-s diagram that there is very little gain in efficiency from reheating the 
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FIGURE 11.9 The 

ideal reheat cycle. 


EXAMPLE 11.3 




steam, because the average temperature at which heat is supplied is not greatly changed. 
The chief advantage is in decreasing to a safe value the moisture content in the low-pressure 
stages of the turbine. If metals could be found that would enable us to superheat the steam 
to 3', the simple Rankine cycle would be more efficient than the reheat cycle, and there 
would be no need for the reheat cycle. 


Consider a reheat cycle utilizing steam. Steam leaves the boiler and enters the turbine at 
4 M Pa, 400°C. After expansion in the turbine to 400 kPa, the steam is reheated to 400°C 
and then expanded in the low-pressure turbine to 10 kPa. Determine the cycle efficiency. 

For each control volume analyzed, the thermodynamic model is the steam tables, 
the process is steady state, and changes in kinetic and potential energies are negligible. 
For the high-pressure turbine, 

Control volume-. FI igh-pressure turbine. 

Inlet state: P 3, 7 3 known; state fixed. 

Exitstate : P 4 known. 

Analysis 

Energy Eq.: w h _ p = h 3 - h 4 
Entropy Eq.: S 3 = s 4 

Solution 

Substituting, 

h 3 = 3213.6, s 3 = 6.7690 

s 4 = S 3 = 6.7690 = 1.7766 + x 4 5.1193, x 4 = 0.9752 
h 4 = 604.7 + 0.9752(2133.8) = 2685.6 

For the low-pressure turbine, 

Control volume : Low-pressure turbine. 

Inlet state: P 5 , T 5 known; state fixed. 

Exitstate: P 6 known. 
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Analysis 

Energy Eq.: w/„ p = h 5 - h 5 

Entropy Eq.: s 5 = S 6 

Solution 

Upon substituting, 



h 5 = 3273.4 s 5 = 7.8985 

s 6 = s 5 = 7.8985 = 0.6493 + x 6 7.5009, x 6 = 0.9664 
h 6 = 191.8 + 0.9664(2392.8) = 2504.3 

For the overall turbine, the total work output w t is the sum of w h _ p and i/i/ ( , so that 

w t = (h 3 -h 4 ) + (h 5 -h 6 ) 


For the pump, 

= (3213.6 - 2685.6) + (3273.4 - 2504.3) 

= 1297.1 kj /kg 

Control volume : 

Inlet state: 

Exit state: 

Analysis 

Pump. 

Pi known, saturated liquid; state fixed. 

P 2 known. 


Energy Eq.: w p = h 2 - hi 

Entropy Eq.: s 2 =s i 

Since S2 = Si, 

Solution 

h 2 -hi = J v dP = v(P 2 - Pi) 


Substituting, 

w p = v(P 2 - Pi) = (0.001 01H4000 — 10) = 4.0 kj /kg 
h 2 = 191.8 + 4.0 = 195.8 
Finally, for the boiler 


Control volume: 

Boiler. 

Inlet states: 

Exit states: 

Analysis 

States 2 and 4 both known (above). 

States 3 and 5 both known (as given). 


Energy Eg.: q H = (h 3 - h 2 ) + (h 5 - h 4 ) 
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Solution 


Substituting, 

q H = (h 3 -h 2 ) + (h 5 -h 4 ) 

= (3213.6 - 195.8) + (3273.4 - 2685.6) = 3605.6 kj/kg 

Therefore, 


w net = i/i / 1 - w p = 1297.1 - 4.0 = 1293.1 kj /kg 


m 


1/1/ n et 


1293.1 
36 0576 


35.9% 


By comparing this example with Example 11.2, wefind that through reheating the gain in 
efficiency is relatively small, but the moisture content of the vapor leaving the turbine is 
decreased from 18.4 to 3.4%. 


11.5 


THE REGENERATIVE CYCLE 


Another important variation from the Rankine cycle is the regenerative cycle, which uses 
feedwater heaters. The basic concepts of this cycle can be demonstrated by considering 
the Rankine cycle without superheat as shown in Fig. 11.10. During the process between 
states 2 and 2', the working fluid is heated while in the liquid phase, and the average 
temperature of the working fluid is much lower than during the vaporization process 2'-3. 
The process between states2 and 2' causes the average temperature at which heat is supplied 
in the Rankine cycle to be lower than in the Carnot cycle r- 2'- 3-4-1'. Consequently, the 
efficiency of the Rankine cycle is lower than that of the corresponding Carnot cycle. In 
the regenerative cycle the working fluid enters the boiler at some state between 2 and 2'; 
consequently, the average temperature at which heat is supplied is higher. 

Consider first an idealized regenerative cycle, as shown in Fig. 11.11. The unique 
feature of this cycle compared to the Rankine cycle is that after leaving the pump, the liquid 


FIGURE 11.10 T-s 

diagram showing the 
relationships between 
Carnot-cycle efficiency 
and Rankine-cycle 
efficiency. 
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FIGURE 11.11 

ideal regenerative 




circulates around the turbine casing, counterflow to the direction of vapor flow in the turbine. 
Thus, it is possible to transfer to the liquid flowing around the turbine the heat from the vapor 
as it flows through the turbine. Let us assume for the moment that this is a reversible heat 
transfer; thatis, at each point the temperature of the vapor is only infinitesimally higher than 
the temperature of the liquid. In this instance, line 4-5 on the T -s diagram of Fig. 11.11, 
which represents the states of the vapor flowing through the turbine, is exactly parallel to 
line 1-2-3, which represents the pumping process (1-2) and the states of the liquid flowing 
around the turbine. Consequently, areas 2-3-b-a-2 and 5-4-c(-c-5 are not only equal but 
congruous, and these areas, respectively, represent the heat transferred to the liquid and 
from the vapor. Heat is also transferred to the working fluid at constant temperature in 
process 3-4, and area 3-4-d-b-3 represents this heat transfer. Heat is transferred from the 
working fluid in process 5-1, and area 1-5-c-a-l represents this heat transfer. This area 
is exactly equal to area l'-5'-d-b-Y, which is the heat rejected in the related Carnot cycle 
1'- 3-4- 5'-l'. Thus, the effici ency of this idealized regenerative cycle is exactly equal to the 
efficiency of the Carnot cycle with the same heat supply and heat rejection temperatures. 

Obviously, thisidealized regenerativecycleisimpracti cal. First, itwould beimpossible 
to effect the necessary heat transfer from the vapor in the turbine to the liquid feedwater. 
Furthermore, the moisture content of the vapor leaving the turbine increases considerably 
as a result of the heat transfer. The disadvantage of this was noted previously. The practical 
regenerative cycle extracts some of the vapor after it has partially expanded in the turbine 
and uses dwater heaters, as shown in Fig. 11.12. 

Steam enters the turbine at state 5. After expansion to state 6, some of the steam is 
extracted and enters the feedwater heater. The steam that is not extracted is expanded in the 
turbine to state 7 and is then condensed in the condenser. This condensate is pumped into the 
feedwater heater, where it mixes with the steam extracted from the turbine. The proportion 
of steam extracted is just sufficient to cause the liquid leaving the feedwater heater to be 
saturated at state 3. N ote that the I i qui d has not been pumped to the boi ler pressure, but only 
to the intermediate pressure corresponding to state 6. Another pump is required to pump 
the liquid leaving the feedwater heater to boiler pressure. The significant point is that the 
average temperature at which heat is supplied has been increased. 

Consider a control volume around the open feedwater heater in Fig. 11.12. The con- 
servation of mass requires 


m 2 + m 6 = m 3 
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FIGURE 11.12 

Regenerative cycle with 
an open feedwater 
heater. 



satisfied with the extraction fraction as 


y = m 6 /m 5 


( 11 . 2 ) 


so 


m 7 = (1 — y)m 5 = rh 1 = m 2 

The energy equation with no external heat transfer and no work becomes 


m 2 h 2 + ni 6 h 6 = m 3 h 3 (11.3) 

into which we substitute the mass flow rates (m 3 = m 5 ) as 


(1 - y)m 5 h 2 + ym 5 h 6 = m 5 h 3 (11.4) 

We take state 3 as the limit of saturated liquid (we do not want to heat it further, as it would 
move into thetwo-phase region and damage the pump P 2) and then solve for y: 



This establishes the maximum extraction fraction we should take out at this extraction 
pressure. 

This cycle is somewhat difficult to show on a T-s diagram because the masses of 
steam flowing through the various components vary. The T-s diagram of Fig. 11.12 simply 
shows the state of the fluid at the various points. 

Area4-5-c-b-4 in Fig. 11.12 represents the heat transferred per kilogram of working 
fluid. Process 7-1 is the heat rejection process, but since not all the steam passes through 
the condenser, area 1-7-c-a-l represents the heat transfer per kilogram flowing through 
the condenser, which does not represent the heat transfer per kilogram of working fluid 
entering the turbine. Between states 6 and 7, only part of the steam isflowing through the 
turbine. The example that follows illustrates the calculations for the regenerative cycle. 
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EXAMPLE 11.4 


Consider a regenerative cycle using steam as the working fluid. Steam leaves the boiler 
and enters the turbine at 4 M Pa, 400°C. After expansion to 400 kPa, some of the steam is 
extracted from the turbine to heat the feedwater in an open feedwater heater. The pressure 
in the feedwater heater is 400 kPa, and the water leaving it is saturated liquid at 400 kPa. 
The steam not extracted expands to 10 kPa. Determine the cycle efficiency. 

The line diagram and T -s diagram for this cycle are shown in Fig. 11.12. 

As in previous examples, the model for each control volume is the steam tables, the 
process is steady state, and kinetic and potential energy changes are negligible. 

From Examples 11.2 and 11.3 we have the foil owing properties: 

h 5 = 3213.6 h 6 = 2685.6 
h 7 = 2144.1 hi = 191.8 


For the low-pressure pump, 


Control volume: Low-pressure pump. 

Inlet state: Pi known, saturated liquid; state fixed. 
Exitstate: P 2 known. 


Analysis 


Therefore, 


Solution 


Energy Eq.: w p i = h 2 -hi 
Entropy Eq.: s 2 = Si 


h 2 -h 1 = [ v dP = v(P 2 - Pi) 


Substituting, 

w p i = v(P 2 - Pi) = (0.001 01)(400 - 10) = 0.4 kj /kg 


h 2 = hi + w p = 191.8 + 0.4 = 192.2 

For the turbine, 

Control volume: Turbine. 

Inlet state: P 5, T 5 known; state fixed. 
Exitstate: P 6 known; P 7 known. 


Analysis 

Energy Eq.: w t = (h 5 - h 6 ) + (1 - y)(h 6 - h 7 ) 

Entropy Eq.: s 5 = S6 = s 7 

Solution 

From the second law, the values for he and h 7 given previously were calculated in Examples 
11.2 and 11.3. 
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For the feedwater heater, 

Control volume: Feedwater heater. 

Inlet states: States 2 and 6 both known (as given). 
Exit state: P 3 known, saturated liquid; state fixed. 


Analysis 

Energy Eq.: y(h 6 ) + (1 - y)h 2 = h 3 

Solution 

After substitution, 

y(2685.6) + (1 - y)( 192.2) = 604.7 
y = 0.1654 

We can now calculate the turbine work. 

i/i/ t = (h 5 - h 6 ) + (1 - y)(h 6 - h 7 ) 

= (3213.6 - 2685.6) + (1 - 0.1654)(2685.6 - 2144.1) 
= 979.9 kj /kg 

For the high-pressure pump, 

Control volume: H i gh-pressure pump. 

Inlet state: State 3 known (as given). 

Exitstate: P 4 known. 

Analysis 

Energy Eq.: w p2 = h 4 -h 3 

Entropy Eq.: s 4 = s 3 

Solution 

Substituting, 

w P 2 = v(P 4 - P 3 ) = (0.001 084)(4000 - 400) = 3.9 kj /kg 
h A = h 3 + w p 2 = 604.7 + 3.9 = 608.6 

Therefore, 

Wnet = Wt - (1 - y)W/pl - W p2 

= 979.9 - (1 - 0.1654X0.4) - 3.9 = 975.7 kj /kg 

Finally, for the boiler, 

Control volume: Boiler. 

Inlet state: P 4 , h 4 known (as given); state fixed. 

Exitstate: State 5 known (as given). 
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Analysis 


Energy Eq.: q H =h 5 -h 4 


Solution 

Substituting, 


Qh 

m 


h 5 -h A = 3213.6 - 608.6 = 2605.0 kj /kg 


W net 

Qh 


975.7 

2605.0 


37.5% 


Note the increase in efficiency over the efficiency of the Rankine cycle in Example 11.2. 


U p to this point, the discussion and examples have tacitly assumed that the extraction 
steam and feedwater are mixed in the feedwater heater. Another frequently used type of 
feedwater heater, known as a closed heater, is one in which the steam and feedwater do not 
mix. Rather, heat is transferred from the extracted steam as it condenses on the outside of 
tubes while the feedwater flows through the tubes. In a closed heater, a schematic sketch 
of which is shown in Fig. 11.13, the steam and feedwater may be at considerably different 
pressures. The condensate may be pumped into the feedwater line, or it may be removed 
through a trap to a lower- pressure heater or to the condenser. (A trap is a device that permits 
liquid but not vapor to flow to a region of lower pressure.) 

Let us analyze the closed feedwater heater in Fig. 11.13 when a trap with a drain to 
the condenser is used. We assume we can heat the feedwater up to the temperature of the 
condensing extraction flow, that i s T 3 = T 4 = T 6a , as there is no drip pump. Conservation 
of mass for the feedwater heater is 


m 4 = ni 3 = m 2 = rh 5 ; m 6 = yni 5 = m 6a = ni 6c 

N otice that the extraction flow is added to the condenser, so the flow rate at 2 is the same 
as at state 5. The energy equation is 


m 5 h 2 + yni 5 h 6 = rh 5 h 3 + ym 5 h 6a 


( 11 . 6 ) 


FIGURE 11.13 

Schematic arrangement 
for a closed feedwater 
heater. 


4 3 


— 6 b 


L 


f 


Extraction steam 


Feedwater 


Condensate 


6c- 


_o 


■6 a 


Drip pump Trap 



6c 




Condensate to lower pressure 
heater or condenser 


THE REGENERATIVE CYCLE ■ 441 


which we can solve for y as 


y = 


hs-h 2 
h 6 -h 6a 


(11.7) 


Open feedwater heaters have the advantages of being less expensive and having better 
heat-transfer characteristics than closed feedwater heaters. They have the disadvantage of 
requiring a pump to handle the feedwater between each heater. 

In many power plants a number of extraction stages are used, though rarely more 
than five. The number is, of course, determined by economics. It is evident that using a 
very large number of extraction stages and feedwater heaters allows the cycle efficiency to 
approach that of the idealized regenerative cycle of Fig. 11.11, where the feedwater enters 
the boiler as saturated liquid at the maximum pressure. In practice, however, this cannot 
be economically justified because the savings effected by the increase in efficiency would 
be more than offset by the cost of additional equipment (feedwater heaters, piping, and so 
forth). 

A typical arrangement of the main components in an actual power plant is shown in 
Fig. 11.14. Note that one open feedwater heater is a deaerating feedwater heater; this heater 
has the dual purpose of heating and removing the air from the feedwater. Unless the air 
is removed, excessive corrosion occurs in the boiler. Note also that the condensate from 
the high-pressure heater drains (through a trap) to the intermediate heater, and the interme- 
diate heater drains to the deaerating feedwater heater. The low-pressure heater drains to the 
condenser. 

M any actual power plants combine one reheat stage with a number of extraction 
stages. The principles already considered are readily applied to such a cycle. 


8.7 MPa 500°C 



Arrangement of heaters in an actual power plant utilizing regenerative feedwater 

heaters. 
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11.6 


DEVIATION OF ACTUAL CYCLES 
FROM IDEAL CYCLES 


Before we leave the matter of vapor power cycles, a few comments are in order regarding 
the ways in which an actual cycle deviates from an ideal cycle. The most important of these 
losses are due to the turbine, the pump(s), the pipes, and the condenser. These losses are 
discussed next. 


Turbine Losses 

Turbine losses, as described in Section 9.5, represent by far the largest discrepancy between 
the performance of a real cycle and a corresponding ideal Rankine-cycle power plant. The 
large positive turbine work is the principal number in the numerator of the cycle thermal 
efficiency and is directly reduced by the factor of the isentropic turbine efficiency. Turbine 
losses are primarily those associated with the flow of the working fluid through the turbine 
blades and passages, with heat transfer to the surroundings also being a loss but of secondary 
importance. The turbine process might be represented as shown in Fig. 11.15, where state 4 S 
is the state after an ideal isentropic turbine expansion and state 4 is the actual state leaving 
the turbine following an irreversible process. The turbine governing procedures may also 
cause a loss in the turbine, particularly if a throttling process is used to govern the turbine 
operation. 


Pump Losses 

The losses in the pump are similar to those in the turbine and are due primarily to the 
irreversibilities with the fluid flow. Pump efficiency was discussed in Section 9.5, and the 
ideal exit state 2 S and real exit state 2 are shown in Fig. 11.15. Pump losses are much smaller 
than those of the turbine, since the associated work is far smaller. 


Piping Losses 

Pressure drops caused by frictional effects and heat transfer to the surroundings are the most 
i mportant pi pi ng losses. C onsi der, for exampl e, the pi pe connecti ng the turbi ne to the boi ler. 
If only frictional effects occur, states a and b in Fig. 11.16 would represent the states of the 


FIGURE 11.15 T-s 

diagram showing effect 
of turbine and pump 
inefficiencies on cycle 
performance. 
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FIGURE 11. Id T-s 

diagram showing effect 
of losses between the 
boiler and turbine. 



steam leaving the boiler and entering the turbine, respectively. Note that thefrictional effects 
cause an increase in entropy. H eat transferred to the surroundings at constant pressure can 
be represented by process be. This effect decreases entropy. Both the pressure drop and heat 
transfer decrease the avail ability of the steam entering the turbine. The irreversibility of this 
process can be calculated by the methods outlined in Chapter 10. 

A si mi lar loss is the pressure drop in the boiler. Becauseof this pressure drop, the water 
entering the boiler must be pumped to a higher pressure than the desired steam pressure 
leaving the boiler, which requires additional pump work. 


Condenser Losses 

The losses in the condenser are relatively small. One of these minor losses is the cooling 
below the saturation temperature of the liquid leaving the condenser. This represents a loss 
because additional heat transfer is necessary to bring the water to its saturation temperature. 

The influence of these losses on the cycle is illustrated in the following example, 
which should be compared to Example 11.2. 


EXAMP A steam power plant operates on a cycle with pressures and temperatures as designated in 

Fig. 11.17. The efficiency of the turbine is 86%, and the efficiency of the pump is 80%. 
Determine the thermal efficiency of this cycle. 



FIGURE 11.17 

Schematic diagram for 
Example 1 1 .5. 


Pump 


10 kPa 
42°C 
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A sin previous examples, for each control volume the model used is the steam tables, 
and each process is steady state with no changes in kinetic or potential energy. This cycle 
is shown on the T -s diagram of Fig. 11.18. 

Control volume: Turbine. 

Inlet state: P 5 , 7 5 known; state fixed. 

Exitstate: P 6 known. 


Analysis 


Energy Eq.: w t = h 5 - h 6 
Entropy Eq.: s 6s = s 5 


The efficiency is 


w t h 5 -h 6 



Solution 


From the steam tables, we get 

h 5 = 3169.1 kj/kg, s 5 = 6.7235 

S 6s = s 5 = 6.7235 = 0.6493 + x 6s 7.5009, x 6s = 0.8098 

hes = 191.8 + 0.8098(2392.8) = 2129.5 kj/kg 

w t = m (h 5 - h 6s ) = 0.86(3169.1 - 2129.5) = 894.1 kj/kg 

For the pump, we have: 

Control volume: Pump. 

Inlet state: Pi.Ti known; state fixed. 

Exitstate: P 2 known. 

Analysis 


Energy Eq.: w p = h 2 - h 1 
Entropy Eq.: S 2 S = Si 


The pump efficiency is 


h^-hi = h 2s -h 1 
w p ~ h 2 - hi 


T 



FIGURE 11.18 T-s 

diagram for Example 


11 . 5 . 
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EXAMPLE 11. 5E 


Sinces 2 S = Si, 


Therefore, 


Solution 


h 2s -h i = v(P 2 - Pi) 


w p 


his -hi 


Pp 


v(Pi-Pi) 

Pp 


Substituting, we obtain 

v(P 2 -Pi) 

1/1/ n — 

Pp 


Therefore, 


(0.001 009)15000- 10) 

080 =0.3 k J/kg 


w net = Wt - w p = 894.1 - 6.3 = 887.8 kj /kg 
Finally, for the boiler: 

Control volume: Boiler. 

Inlet state: P 3, 7 3 known; state fixed. 

Exitstate: P 4 , T 4 known, state fixed. 

Analysis 


Energy Eg.: q H =h A -h 3 


Solution 

Substitution gives 


q H = h 4 -h 3 = 3213.6 - 171.8 = 3041.8 kj /kg 


'7 th 


887.8 

3041.8 


29.2% 


This result compares to the Rankine efficiency of 35.3% for the similar cycle of 
Example 11.2. 


A steam power plant operates on a cycle with pressure and temperatures as designated in 
Fig. 11.17E. The efficiency of the turbine is 86 %, and the efficiency of the pump is 80%. 
Determine the thermal efficiency of this cycle. 

A sin previous examples, for each control volume the model used is the steam tables, 
and each process is steady state with no changes in kinetic or potential energy. This cycle 
is shown on the T -s diagram of Fig. 11.18. 

Control volume: Turbine. 

Inlet state: Ps,T 5 known; state fixed. 

Exitstate: P 6 known. 
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FIGURE 11.1 7E 

Schematic diagram for 
Example 1 1 ,5E. 


560 lbf/in. 2 



Analysis 

From the first law, we have 

The second law is 


w t = h 5 - h 6 


56s = s 5 


The efficiency is 



h 5 - he 


^5 — ^ 6s 


Solution 

From the steam tables, we get 


(1 — x) 6s = 


h 5 = 1386.8 s 5 = 1.6248 

S 6s = s 5 = 1.6248 = 1.9779 - (1 - x) 6s 1.8453 

_ 0 3531 -0 1912 

65 - IMi - 01912 

h 6s = 1105.8 - 0.1912(1036.0) = 907.6 
w t = 5 - he s ) = 0.86(1386.8 - 907.6) 

= 0.86(479.2) = 412.1 Btu/lbm 


For the pump, we have: 

Control volume: Pump. 

Inlet state: Pi,Ti known; state fixed. 
Exitstate: P 2 known. 


Analysis 


Energy Eq.: w p = h 2 - h 1 
Entropy Eq.: S2 S = Si 
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The pump efficiency is 

_ h 2s - hi _ h 2s ~h i 
,?p ~~ m/ p ~ h 2 - hi 

Sinces2s = Si, 

h 2s — hi = v(P 2 — Pi) 

Therefore, 

/l 2 s - hi v(P 2 - Pi) 

w/p = = 

Vp >lp 

Solution 

Substituting, we obtain 

v(P 2 -P i) 0.016 15(800 - 1)144 ,, 

M/p = — = 2T7T = 3.0 B tU / 1 b ITI 

p rip 0.8 x 778 ' 

Therefore, 

w/ ne t = w t - w p = 412.1 - 3.0 = 409.1 Btu/lbm 
Finally, for the boiler: 

Control volume: Boiler. 

Inlet state: P 3, 7 3 known; state fixed. 

Exit state: P 4 , T 4 known; state fixed. 

Analysis 


Energy Eq.: q H =h A -h 3 


Solution 


Substitution gives 

q H = h 4 - h 3 = 1407.6 - 65.1 = 1342.5 Btu/lbm 


m 


409.1 

1342.5 


30.4% 


This result compares to the Rankine efficiency of 36.9% for the similar cycle of 
Example 11. 2E. 


11.7 


COGENERATION 


There are many occasions in industrial settings where the need arises for a specific source 
or supply of energy within the environment in which a steam power plant is being used 
to generate electricity. In such cases, it is appropriate to consider supplying this source 
of energy in the form of steam that has already been expanded through the high-pressure 
section of the turbine in the power plant cycle, thereby eliminating the construction and 
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FIGURE 11.19 

Example of a 
cogeneration system. 



use of a second boiler or other energy source. Such an arrangement is shown in Fig. 11.19, 
i n which the turbi ne is tapped at some i ntermedi ate pressure to furnish the necessary amount 
of process steam required for the particular energy need— perhaps to operate a special 
process in the plant, or in many cases simply for the purpose of space heating the facilities. 
This type of application is termed cogeneration. If the system is designed as a package 
with both the electrical and the process steam requirements in mind, it is possible to achieve 
substantial savings in the capital cost of equipment and in the operating cost through careful 
consideration of all the requirements and optimization of the various parameters involved. 
Specific examples of cogeneration systems are considered in the problems at the end of the 
chapter. 


In-Text Concept Questions 

a. Consider a Rankine cycle without superheat. H ow many single properties are needed 
to determine the cycle? Repeat the answer for a cycle with superheat. 

b. Which component determines the high pressure in a Rankine cycle? What factor 
determines the low pressure? 

c. W hat is the difference between an open and a closed feedwater heater? 

d. I n a cogenerating power plant, what is cogenerated? 


11.8 


INTRODUCTION TO REFRIGERATION SYSTEMS 


In Section 11.1, wediscussed cyclic heat engines consisting of four separate processes, either 
steady-state or piston/cylinder boundary-movement work devices. We further allowed for 
a working fluid that changes phase or for one that remains in a single phase throughout 
the cycle. We then considered a power system comprised of four reversible steady-state 






THE VAPOR-COMPRESSION REFRIGERATION CYCLE ■ 449 


FIGURE 11.20 Four- 

process refrigeration 
cycle. 



processes, two of which were constant-pressure heat-transfer processes, for simplicity of 
equi pment requi rements, si nee these two processes i nvol ve no work, i t was further assumed 
that the other two work-involved processes were adiabatic and therefore isentropic. The 
resulting power cycle appeared as in Fig. 11.2. 

We now consider the basic ideal refrigeration system cycle in exactly the same terms 
as those descri bed earl i er, except that each process i s the reverse of that i n the power cy cl e. 
The result is the ideal cycle shown in Fig. 11.20. Note that if the entire cycle takes place 
inside the two-phase liquid- vapor dome, the resulting cycle is, as with the power cycle, the 
Carnot cycle, si nee the two constant-pressure processes are also isothermal. Otherwise, this 
cycle is not a Carnot cycle. It is also noted, as before, that the net work input to the cycle 
is equal to the area enclosed by the process lines 1-2- 3- 4-1, independently of whether the 
individual processes are steady state or cylinder/piston boundary movement. 

In the next section, we make one modification to this idealized basic refrigeration 
system cycle in presenting and applying the model of refrigeration and heat pump systems. 


11.9 


THE VAPOR-COMPRESSION 
REFRIGERATION CYCLE 


in this section, weconsider the ideal refrigeration cyclefora working substance that changes 
phase during the cycle, in a manner equivalent to that done with the Rankine power cycle 
in Section 11.2. in doing so, we note that state 3 in Fig. 11.20 is saturated liquid at the 
condenser temperature and state 1 is saturated vapor at the evaporator temperature. This 
means that the isentropic expansion process from 3-4 will be in the two-phase region, and 
the substance there will be mostly liquid. Asa consequence, there will be very little work 
output from this process, so it is not worth the cost of including this piece of equi pment in the 
system. Wetherefore replace the turbine with a throttl i ng device, usually a valveora length 
of small -diameter tubing, by which the working fluid is throttled from the high-pressure to 
the low-pressure side. The resulting cycle become the ideal model for a vapor-compression 
refrigeration system, which is shown in Fig. 11.21. Saturated vapor at low pressure enters 
the compressor and undergoes a reversi ble adiabatic compression, process 1-2. FI eat is then 
rejected at constant pressure in process 2-3, and the working fluid exits the condenser as 
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FIGURE 11.21 The 

ideal vapor-compression 
refrigeration cycle. 




saturated liquid. An adiabatic throttling process, 3-4, follows, and the working fluid is then 
evaporated at constant pressure, process 4-1, to complete the cycle. 

The similarity of this cycle to the reverse of the Rankine cycle has already been 
noted. We also note the difference between this cycle and the ideal Carnot cycle, in which 
the working fluid always remains inside the two-phase region, l'-2'-3-4'-r. It is much 
more expedient to have a compressor handle only vapor than a mixture of liquid and vapor, 
as would be required in process l'-2' of the Carnot cycle. It is virtually impossible to 
compress, at a reasonable rate, a mixture such as that represented by state 1 ' and still 
maintain equilibrium between liquid and vapor. The other difference, that of replacing the 
turbine by the throttling process, has already been discussed. 

The standard vapor-compression refrigeration cycle has four known processes (one 
isentropic, two isobaric and one isenthalpic) between the four states with eight properties. 
It is assumed that state 3 is saturated liquid and state 1 is saturated vapor, so there are two 
(8-4-2) parameters that determine the cycle. The compressor generates the high pressure, 
p 2 = P 3 , and the heat transfer between the evaporator and the cold space determines the 
low temperature T 4 = T 

The system described in Fig. 11.21 can be used for either of two purposes. The 
first use is as a refrigeration system, in which case it is desired to maintain a space at a 
low temperature Ti relative to the ambient temperature T 3 . (In a real system, it would be 
necessary to allow a finite temperature difference in both the evaporator and condenser to 
provide a finite rate of heat transfer in each.) Thus, the reason for building the system in 
this case is the quantity q L . The measure of performance of a refrigeration system is given 
in terms of the coefficient of performance, p, which was defined in Chapter 7 as 

p = — ( 11 . 8 ) 

w c 

The second use of this system described in Fig. 11.21 is as a heat pump system, in 
which case it is desired to maintain a space at a temperature T 3 above that of the ambient 
(or other source) T 1 . In this case, the reason for building the system is the quantity q H , and 
the coefficient of performance (COP) for the heat pump, ft', is now 

£'=— (11.9) 

w c 

Refrigeration systems and heat pump systems are, of course, different in terms of 
design variables, but the analysis of the two is the same. When we discuss refrigerators 
in this and the following two sections, it should be kept in mind that the same comments 
generally apply to heat pump systems as well. 
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EXAMPLE 11.6 


Consider an ideal ref rigerati on cycle that uses R -134a as the working fluid. The temperature 
of the ref ri gerant i n the evaporator is— 20°C,andinthe condenser it i s 40°C . T he ref ri gerant 
is circulated at the rate of 0.03 kg/s. Determine the COP and the capacity of the plant in 
rate of refrigeration. 

The diagram for this example is shown in Fig. 11.21. For each control volume 
analyzed, the thermodynamic model is as exhibited in the R-134a tables. Each process is 
steady state, with no changes in kinetic or potential energy. 

Control volume: Compressor. 

Inlet state: T i known, saturated vapor; state fixed. 

Exit state: P 2 known (saturation pressure at T 3 ). 

Analysis 

Energy Eq.: = /r 2 - hi 

Entropy Eq.: S 2 = Si 

Solution 

AtT 3 = 40°C, 

P g = P 2 = 1017 kPa 

From the R-134a tables, we get 

hi = 386.1 kj /kg, Si = 1.7395 kj/kg 

Therefore, 

s 2 = si = 1.7395 kj /kg K 

so that 

T 2 = 47.7°C and h 2 = 428.4 kj/kg 
n c = h 2 - hi = 428.4 - 386.1 = 42.3 kj/kg 

Control volume: Expansion valve. 

Inlet state: T 3 known, saturated liquid; state fixed. 

Exit state: T 4 known. 


Analysis 

Energy Eq.: h 3 = h 4 
Entroy Eq.: s 3 + s gen = s 4 

Solution 

N umerically, we have 

h 4 = h 3 = 256.5 kj/kg 

Control volume: Evaporator. 

Inlet state: State 4 known (as given). 

Exit state: State 1 known (as given). 
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Analysis 


Energy Eq.: q L =hi~h i 


Solution 

Substituting, we have 

q L = /?! — /) 4 = 386.1 - 256.5 = 129.6 kj /kg 


Therefore, 


<h_ 

w c 


129.6 

~4Z3~ 


= 3.064 


Refrigeration capacity = 129.6 x 0.03 = 3.89 kW 


11.10 


WORKING FLUIDS FOR VAPOR-COMPRESSION 
REFRIGERATION SYSTEMS 


A much larger number of working fluids (refrigerants) are utilized in vapor-compression 
refrigeration systems than in vapor power cycles. Ammonia and sulfur dioxide were im- 
portant in the early days of vapor-compression refrigeration, but both are highly toxic and 
therefore dangerous substances. For many years, the principal refrigerants have been the 
halogenated hydrocarbons, which are marketed under the trade names Freon and Genatron. 
For example, di chi orodifl uoromethane (CCI 2 F 2 ) is known as Freon-12 and Genatron-12, 
and therefore as refrigerant- 12 or R-12. This group of substances, known commonly as 
chlorofluorocarbons ( CFCs ), are chemically very stable at ambient temperature, especially 
those lacking any hydrogen atoms. This characteristic is necessary fora refrigerant working 
fluid. This same characteristic, however, has devastating consequences if the gas, having 
leaked from an appliance into the atmosphere, spends many years slowly diffusing upward 
into the stratosphere. There it is broken down, releasing chlorine, which destroys the pro- 
tective ozone layer of the stratosphere. It is therefore of overwhelming importance to us all 
to eliminate completely the widely used but life-threatening CFCs, particularly R-ll and 
R-12, and to develop suitable and acceptable replacements. The CFCs containing hydrogen 
(often termed FtCFCs), such as R-22, have shorter atmospheric lifetimes and therefore are 
not as likely to reach the stratosphere before being broken up and rendered harmless. The 
most desirable fluids, called hydrofluorocarbons ( HFCs ), contain no chlorine at all, but 
they do contribute to the atmospheric greenhoue gas effect in a manner similar to, and in 
somecasesto a much greater extentthan, carbon dioxide. Thesaleof refrigerant fluid R-12, 
which has been widely used in refrigeration systems, has already been banned in many 
countries, and R-22, used in air-conditioning systems, is scheduled to be banned in the near 
future. Some alternative refrigerants, several of which are mixtures of different fluids, and 
therefore are not pure substances, are listed below. 

Old refrigerant R-ll R-12 R-13 R-22 R-502 R-503 

Alternative R-123 R-134a R-23 (low 7 ) N H 3 R-404a R-23 (low 7 ) 

refrigerant R-245fa R-152a CO 2 R-410a R-407a CO 2 

R-401a R-170 (ethane) R-507a 


DEVIATION OFTHE ACTUAL VAPOR-COMPRESSION REFRIGERATION CYCLE FROM THE IDEAL CYCLE ■ 453 


There are two important considerations when selecting refrigerant working fluids: the 
temperature at which refrigeration is needed and the type of equipment to be used. 

As the refrigerant undergoes a change of phase during the heat-transfer process, 
the pressure of the refrigerant is the saturation pressure during the heat supply and heat 
rejection processes. Low pressures mean large specific volumes and correspondingly large 
equipment. High pressures mean smaller equipment, but it must be designed to withstand 
higher pressure. In particular, the pressures should be well below the critical pressure. For 
extremely-low-temperature applications, a binary fluid system may be used by cascading 
two separate systems. 

The type of compressor used has a particular bearing on the refrigerant. Recipro- 
cating compressors are best adapted to low specific volumes, which means higher pressures, 
whereas centrifugal compressors are most suitable for low pressures and high specific 
volumes. 

It is also important that the refrigerants used in domestic appliances be nontoxic. Other 
beneficial characteristics, in addition to being environmentally acceptable, are miscibility 
with compressor oil, dielectric strength, stability, and low cost. Refrigerants, however, have 
an unfortunate tendency to cause corrosion. Forgiven temperatures during evaporation and 
condensation, not all refrigerants have the same COP for the ideal cycle. It is, of course, 
desirable to use the refrigerant with the highest COP, other factors permitting. 


11.11 


DEVIATION OF THE ACTUAL 
VAPOR-COMPRESSION REFRIGERATION 
CYCLE FROM THE IDEAL CYCLE 


The actual refrigeration cycle deviates from the ideal cycle primarily because of pressure 
drops associated with fluid flow and heat transfer to or from the surroundings. The actual 
cycle might approach the one shown in Fig. 11.22. 

T he vapor enteri ng the compressor will probably be superheated. D uri ng the compres- 
sion process, there are irreversibilities and heat transfer either to orfrom the surroundings, 
depending on the temperature of the refrigerant and the surroundings. Therefore, the en- 
tropy might increase or decrease during this process, for the irreversibility and the heat 
transferred to the refrigerant cause an increase in entropy, and the heat transferred from 
the refrigerant causes a decrease in entropy. These possibilities are represented by the two 
dashed lines 1-2 and 1-2'. The pressure of the liquid leaving the condenser will be I ess than 
the pressure of the vapor entering, and the temperature of the refrigerant in the condenser 


FIGURE 11.22 The 

actual vapor- 
compression 
refrigeration cycle. 
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will be somewhat higher than that of the surroundings to which heat is being transferred. 
Usually, the temperature of the liquid leaving the condenser is lower than the saturation tem- 
perature. It might drop somewhat more in the piping between the condenser and expansion 
valve. This represents a gain, however, because as a result of this heat transfer the refrigerant 
enters the evaporator with a lower enthalpy, which permits more heat to be transferred to 
the refrigerant in the evaporator. 

There is some drop in pressure as the refrigerant flows through the evaporator. It 
may be slightly superheated as it leaves the evaporator, and through heat transferred from 
the surroundings, its temperature will increase in the piping between the evaporator and 
the compressor. This heat transfer represents a loss because it increases the work of the 
compressor, since the fluid entering it has an increased specific volume. 

EXAMPLE 11.7 

A refrigeration cycle utilizes R- 134a as the working fluid. The foil owing are the properties 
at various points of the cycle designated in Fig. 11.22: 

P i = 125 kPa, T i = -10°C 

P 2 = 1.2 M Pa, T 2 = 100°C 

P 3 = 1.19 MPa, T 3 = 80°C 

P 4 = 1.16 MPa, T 4 = 45°C 

P 5 = 1.15 MPa, T 5 = 40°C 

p 6 = p 7 = 140 kPa, x 6 = x 7 

P 8 = 130 kPa, T 8 = - 20°C 

The heat transfer from R- 134a during the compression process is 4 kj /kg. Determine 
the COP of this cycle. 

For each control volume, the R-134a tables are the model. Each process is steady 
state, with no changes in kinetic or potential energy. 

As before, we break the process down into stages, treating the compressor, the 
throttling value and line, and the evaporator in turn. 

Control volume: Compressor. 

Inlet state: Pi.Ti known; state fixed. 

Exit state: P 2 , T 2 known; state fixed. 

Analysis 

From the first law, we have 

q +h 1 = h 2 + w 

w c = -w = h 2 - hi - q 

Solution 

From the R-134a tables, we read 


hi = 394.9 kj /kg, h 2 = 480.9 kj /kg 
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Therefore, 

w c = 480.9 - 394.9 - (-4) = 90.0 kj /kg 

Control volume : Throttling valve plus line. 

Inlet state: P$,T 5 known; state fixed. 

Exit state: P 7 = P 6 known, x 7 = X6. 

Analysis 

Energy Eq.: h 5 = h 6 
Sincex 7 = X6, it follows that h 7 = he- 


Solution 


N umerically, we obtain 


h 5 = h 6 = h 7 = 256.4 


Control volume: Evaporator. 

Inlet state: P 7 , h 7 known (above). 

Exit state: P&,T S known; state fixed. 

Analysis 

Energy Eq.: q L =h s -h 7 

Solution 


Substitution gives 


q L = h 8 - h 7 = 386.6 - 256.4 = 130.2 kj /kg 


Therefore, 



130.2 

“900“ 


1.44 


In-Text Concept Questions 

e. A refrigerator in my 20°C kitchen used R- 134a, and I want to make ice cubes at -5°C. 
What is the minimum high P and the maximum low P it can use? 

f. How many parameters are needed to completely determine a standard vapor- 
compression refrigeration cycle? 


11.12 


REFRIGERATION CYCLE CONFIGURATIONS 


The basic refrigeration cycle can be modified for special applications and to increase the 
COP. For larger temperature differences, an improvement in performance is achieved with 
a two-stage compression with dual loops shown in Fig. 11.23. This configuration can be 


456 ■ CHAPTER ELEVEN POWER AND REFRIGERATION SYSTEMS— WITH PHASE CHANGE 


Room 


FIGURE 11. 21 A 

two-stage compression 
dual-loop refrigeration 
system. 



! Cold space ! 


used when the temperature between the compressor stages is too low to use a two-stage 
compressor with intercooling (see Fig. P9.44), as there is no cooling medium with such a low 
temperature. The lowest-temperature compressor then handles a smaller flow rate at the very 
I arge specific vol ume, which means I arge specific work, and the net result i ncreases the COP. 

A regenerator can be used for the production of liquids from gases done in a Linde- 
Hampson process, as shown in Fig. 11.24, which is a simpler version of the liquid oxygen 
plant shown in Fig. 1.9. The regenerator cools the gases further before the throttle process, 
and the cooling is provided by the cold vapor that flows back to the compressor. The 


FIGURE 11.24 A 

Linde-Hampson system 
for liquefaction of gases. 
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FIGURE 11.25 A 

two-cycle cascade 
refrigeration system. 


Room 



compressor is typically a multistage pi ston/cy Under type, with intercooling between the 
stages to reduce the compression work, and it approaches isothermal compression. 

Finally, the temperature range may be so large that two different refrigeration cycles 
must be used with two different substances stacking (temperature-wise) one cycle on top of 
the other cycle, called a cascade refrigeration system, shown in Fig. 11.25. in this system, 
the evaporator in the higher-temperature cycle absorbs heat from the condenser in the lower- 
temperature cycle, requiring a temperature difference between the two. This dual fluid heat 
exchanger couples the mass flow rates in the two cycles through the energy balance with no 
external heat transfer. The net effect is to lower the overall compressor work and increase the 
cooling capacity compared to a single-cycle system. A special low-temperature refrigerant 
like R -23 or a hydrocarbon is needed to produce thermodynamic properties suitable for the 
temperature range, including viscosity and conductivity. 


11.13 


THE AMMONIA ABSORPTION 
REFRIGERATION CYCLE 


The ammonia absorption refrigeration cych differs from the vapor-compression cycle in 
the manner in which compression is achieved. In the absorption cycle the low-pressure 
ammonia vapor is absorbed in water, and the liquid solution is pumped to a high pressure 
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FIGURE 11.26 An 

absorption refrigeration 
cycle. 


by a liquid pump. Figure 11.26 shows a schematic arrangement of the essential elements of 
such a system. 

The low-pressure ammonia vapor leavi ng the evaporator enters the absorber, where it 
is absorbed in the weak ammonia solution. This process takes place at a temperature slightly 
higher than that of the surroundings. Heat must be transferred to the surroundings during 
this process. The strong ammonia solution is then pumped through a heat exchanger to the 
generator, where a higher pressure and temperaturearemaintained. U nder these conditions, 
ammonia vapor is driven from the solution as heat is transferred from a high-temperature 
source. The ammonia vapor goes to the condenser, where it is condensed, as in a vapor- 
compression system, and then to the expansion valve and evaporator. The weak ammonia 
solution is returned to the absorber through the heat exchanger. 

The distinctive feature of the absorption system is that very little work input is required 
because the pumping process i nvol ves a I iquid.T his followsfrom thef act that for a reversible 
steady-state process with negligible changes in kinetic and potential energy, the work is equal 
to - f v dP and the specific volume of the liquid is much less than the specific volume of 
the vapor. However, a relatively high-temperature source of heat must be available (100° 
to 200°C). There is more equipment in an absorption system than in a vapor-compression 
system, and it can usually be economically justified only when a suitable source of heat is 
available that would otherwise be wasted. In recent years, the absorption cycle has been 
given increased attention in connection with alternative energy sources, for example, solar 
energy or supplies of geothermal energy. It should also be pointed out that other working 
fluid combinations have been used successfully in the absorption cycle, one being lithium 
bromide in water. 



w 
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The absorption cycle reemphasizes the important principle that since the shaft work 
in a reversible steady-state process with negligible changes in kinetic and potential energies 
is given by -/ v dP , a compression process should take place with the smallest possible 
specific volume. 


The standard power-producing cycle and refrigeration cycle for fluids with phase change 


duri ng the cycle are presented. T he Rankine cycle and its variations represent a steam power 
plant, which generates most of the world production of electricity. The heat input can come 
from combustion of fossil fuels, a nuclear reactor, solar radiation, or any other heat source 
that can generate a temperature high enough to boil water at high pressure. I n low- or very- 
high-temperature applications, working fluids other than water can be used. M odifications 
to the basic cycle such as reheat, closed, and open feedwater heaters are covered, together 
with applications where the electricity is cogenerated with a base demand for process steam. 

Standard refrigeration systems are covered by the vapor-compression refrigeration 
cycle. Applications include household and commercial refrigerators, air-conditioning sys- 
tems, and heat pumps, as well as lower-temperature-range special-use installations. Asa 
special case, we briefly discuss the ammonia absorption cycle. 

For combinations of cycles, see Section 12.12. 

You should have learned a number of skills and acquired abilities from studying this 
chapter that will allow you to 

• Apply the general laws to control volumes with several devices forming a complete 
system. 

• K now how common power-producing devices work. 

• Know how simple refrigerators and heat pumps work. 

• Know that no cycle devices operate in Carnot cycles. 

• Know that real devices have lower efficiencies/COP than ideal cycles. 

• U nderstand the most influential parameters for each type of cycle. 

• U nderstand the importance of the component efficiency for the overall cycle efficiency 
orCOP. 

• K now that most real cycles have modifications to the basic cycle setup. 

• Know that many of these devices affect our environment. 


KEY CONCEPTS RankineCycle 

AND FORMULAS Open feedwater heater 


Feedwater mixed with extraction steam, exit as saturated 
liquid 

Feedwater heated by extraction steam, no mixing 
Open feedwater heater operating at P a t m to vent gas out 
Turbine power is cogenerated with a desired steam supply 


Closed feedwater heater 
Deaerating F W H 
Cogeneration 


Refrigeration Cycle 

Coefficient of performance 
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CONCEPT-STUDY GUIDE PROBLEMS 

11.1 Is a steam power plant running in a Carnot cycle? 
Name the four processes. 

11.2 Raising the boiler pressure in a Rankine cycle 
for fixed superheat and condenser temperatures, in 
what direction do these change: turbine work, pump 
work and turbine exit T orx? 

11.3 For other properties fixed in a Rankine cycle, rais- 
ing the condenser temperature causes changes in 
which work and heat transfer terms? 

11.4 M ention two benefits of a reheat cycle. 

11.5 W hat is the benefit of the moisture separator in the 
power plant of Problem 6.106? 

11.6 Instead of using the moisture separator in Problem 
6.106, what could have been done to remove any 
liquid in the flow? 

11.7 C an the energy removed i n a power plant condenser 
be useful? 


11.8 If the district heating system (see Fig. 1.1) should 
supply hot water at 90°C, what is the lowest possi- 
ble condenser pressure with water as the working 
substance? 

11.9 W hat is the mass flow rate through the condensate 
pump in Fig. 11.14? 

11.10 A heatpumpfora20°C house uses R-410a, and the 
outsidetemperatureis-5°C. What is the mini mum 
high P and the maximum low P it can use? 

11.11 A heat pump uses carbon dioxide, and it must con- 
dense at a minimum of 22°C and receives energy 
from the outside on a winter day at -10°C. What 
restrictions does that place on the operating pres- 
sures? 

11.12 Since any heat transfer is driven by a temperature 
difference, how does that affect all the real cycles 
relative to the ideal cycles? 


HOMEWORK PROBLEMS 

Rankine Cycles, Power Plants 

Simple Cycles 

11.13 A steam power plant, as shown in Fig. 11.3, 
operating in a Rankine cycle has saturated vapor 
at 3 M Pa leaving the boiler. The turbine exhausts 
to the condenser, operating at 10 kPa. Find the 
specific work and heat transfer in each of the ideal 
components and the cycle efficiency. 

11.14 Consider a solar-energy-powered ideal Rankine 
cycle that uses water as the working fluid. Sat- 
urated vapor leaves the solar collector at 175°C, 
and the condenser pressure is 10 kPa. Determine 
the thermal efficiency of this cycle. 

11.15 A power plant for a polar expedition uses ammo- 
nia, which is heated to 80°C at 1000 kPa in the 
boiler, and the condenser is maintained at -15°C. 
Find the cycle efficiency. 

11.16 A Rankine cycle with R-410a has the boiler at 
3 M Pa superheating to 180°C, and the condenser 
operates at 800 kPa. Find all four energy transfers 
and the cycle efficiency. 

11.17 A utility runs a Rankine cycle with a water boiler 
at 3M Pa, and the highest and lowest temperatures 


ofthecycleare450°C and 45°C, respectively. Find 
the plant efficiency and the efficiency of a Carnot 
cycle with the same temperatures. 

11.18 A steam power plant hasa high pressureof 3 M Pa, 
and it maintains 60°C in the condenser. A con- 
densing turbine is used, but the quality should not 
be lower than 90% at any state in the turbine. Find 
the specific work and heat transfer in all compo- 
nents and the cycle efficiency. 

11.19 A low-temperature power plant operates with 
R-410a maintaining a temperature of -20°C in 
the condenser and a high pressure of 3 M Pa 
with superheat. Find the temperature out of the 
boi I er/superheater so that the turbi ne exi t temper- 
atureis60°C, and find the overall cycl e efficiency. 

11.20 A steam power pi ant operating in an ideal Rankine 
cycle has a high pressureof 5 M Pa and a low pres- 
sure of 15 kPa. The turbine exhaust state should 
have a quality of at least 95%, and the turbine 
power generated should be 7.5 M W. Find the nec- 
essary boiler exit temperature and the total mass 
flow rate. 

11.21 A supply of geothermal hot water is to be used 
as the energy source in an ideal Rankine cycle, 
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with R-134a as the cycle working fluid. Satu- 
rated vapor R-134a leaves the boiler at a tem- 
perature of 85°C, and the condenser temperature 
is40°C. Calculate the thermal efficiency of this 
cycle. 

11.22 Do Problem 11.21 with R-410a as the working 
fluid. 

11.23 Do Problem 11.21 with ammonia as the working 
fluid. 

11.24 Consider the boiler in Problem 11.21, where 
the geothermal hot water brings the R-134a to 
saturated vapor. Assume a counterflowing heat 
exchanger arrangement. The geothermal water 
temperature should be equal to or greater than 
the R-134a temperature at any location inside the 
heat exchanger. The point with the smallest tem- 
perature difference between the source and the 
working fluid is called the pinch point, shown in 
Fig. P 11.24. If 2 kg/s of geothermal water is avail- 
able at 95°C, what is the maximum power out- 
put of this cycle for R-134a as the working fluid? 
[Hint: split the heat exchanger C.V. into two so 
that the pinch point with AT = 0, T = 85°C 
appears.) 


R-134a 


Pinch 

point 


2 

Liquid 

D 

Boiler 

3 


heater 




R-134a 

85°C 


Qbc Qab 



B 






h 2 o 

95°C 


FIGURE P1 1.24 


11.25 Do the previous problem with ammonia as the 
working fluid. 

11.26 A low-temperature power plant operates with car- 
bon dioxide maintaining -10°C in the condenser 
and a high pressure of 6 M Pa, and it superheats to 
100°C. Find the turbine exit temperature and the 
overall cycle efficiency. 

11.27 ConsidertheammoniaRankine-cyclepower plant 
shown in Fig. P 11.27, a plant that was designed to 
operate in a location where the ocean water tem- 
perature is 25°C near the surface and 5°C at some 


greater depth. The mass flow rate of the working 
fluid is 1000 kg/s. 

a. Determine the turbine power output and the 
pump power input for the cycle. 

b. Determine the mass flow rate of water through 
each heat exchanger. 

c. What is the thermal efficiency of this power 
plant? 


Insulated heat 



FIGURE P1 1.27 


11.28 Do Problem 11.27 with carbon dioxide as the 
working fluid. 

11.29 A smaller power plant produces 25 kg/s steam at 
3 M Pa, 600°C, inthe boiler. It cools the condenser 
with ocean water coming in atl2°C and returned 
at 15°C, so the condenser exit isat45°C. Find the 
net power output and the required mass flow rate 
of ocean water. 

11.30 The power plant in Problem 11.13 is modified to 
have a superheater secti on f ol I ow i ng the boi I er so 
that the steam leaves the superheater at 3 M Pa and 
400°C. Find the specific work and heat transfer in 
each of the ideal components and the cycle effi- 
ciency. 

11.31 Consider an ideal Rankine cycle using water with 
a high-pressure side of the cycle at a supercritical 
pressure. Such a cycle has the potential advan- 
tage of minimizing local temperature differences 
between the fluids in the steam generator, such 
as when the high-temperature energy source is 
the hot exhaust gas from a gas-turbine engine. 
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Calculate the thermal efficiency of the cycle if 
the state entering the turbine is 30 M Pa, 550°C, 
and the condenser pressure is 10 kPa. W hat is the 
steam qual ity at the turbi ne exit? 

11.32 Find the mass flow rate in Problem 11.26 so that 
the turbine can produce 1 M W. 

Reheat Cycles 

11.33 A smaller power plant produces steam at 3 M Pa, 
600°C, in the boiler. It keeps thecondenserat45°C 
by the transfer of 10 MW out as heat transfer. The 
first turbine section expands to 500 kPa, and then 
flow is reheated followed by the expansion in the 
low-pressure turbine. Find the reheat temperature 
so that the turbine output is saturated vapor. For 
this reheat, find the total turbi ne power output and 
the boiler heat transfer. 

11.34 A smaller power plant produces 25 kg/s steam at 
3 M Pa, 600°C, inthe boiler. It cools the condenser 
with ocean water so that the condenser exit is at 
45°C . A reheat i s done at 500 kPa up to 400°C , and 
then expansion takes place i n the low-pressure tur- 
bine. Find the net power output and the total heat 
transfer in the boiler. 

11.35 Consider the supercritical cyclein Problem 11.31, 
and assume that the turbine first expands to 3 M Pa 
and then a reheat to 500°C, with a further expan- 
sion in the low-pressure turbine to 10 kPa. Find 
the combined specific turbine work and the total 
specific heat transfer in the boiler. 

11.36 Consider an ideal steam reheat cycle as shown in 
Fig. 11.9, where steam enters the high-pressure 
turbine at 3 M Pa and 400°C and then expands 
to 0.8 M Pa. it is then reheated at constant pres- 
sure 0.8 M Pa to 400°C and expands to 10 kPa 
in the low-pressure turbine. Calculate the thermal 
efficiency and the moisture content of the steam 
leaving the low-pressure turbine. 

11.37 The reheat pressure affects the operati ng vari abl es 
and thus turbine performance. Repeat Problem 
11.33 twice, using 0.6 and 1.0 M Pa for the reheat 
pressure. 

11.38 The effect of several reheat stages on the ideal 
steam reheat cycle is to be studied. Repeat Prob- 
lem 11.33 using two reheat stages, one stage at 
1.2 M Pa and the second at 0.2 M Pa, instead of the 
single reheat stage at 0.8 M Pa. 


Open Feedwater FI eaters 

11.39 A power plant for a polar expedition uses am- 
monia. The boiler exit is 80°C, 1000 kPa, and 
the condenser operates at -15°C. A single open 
feedwater heater operates at 400 kPa, with an exit 
state of saturated liquid. Find the mass fraction 
extracted in the turbine. 

11.40 A n open feedwater heater in a regenerative steam 
power cycle receives 20 kg/s of water at 100°C 
and 2 M Pa. The extraction steam from the turbine 
enters the heater at 2 MPa and 275°C, and all 
the feedwater leaves as saturated liquid. What 
is the required mass flow rate of the extraction 
steam? 

11.41 A low-temperature power plant operates with R- 
410a maintaining -20°C in the condenser and a 
high pressure of 3 M Pa with superheat to 180°C. 
There is one open feedwater heater operating at 
800 kPa with an exit as saturated liquid at 0°C. 
Find the extraction fraction of the flow out of the 
turbine and the turbine work per unit mass flowing 
through the boiler. 

11.42 A Rankine cycle operating with ammonia is 
heated by a low-temperature source so that the 
highest! is 120°C at a pressure of 5000 kPa. Its 
low pressure is 1003 kPa, and it operates with one 
open feedwater heater at 2033 kPa. The total flow 
rate is 5 kg/s. Find the extraction flow rate to the 
feedwater heater, assuming its outlet state is sat- 
urated liquid at 2033 kPa. Find the total power to 
the two pumps. 

11.43 A steam power planthas high andlow pressuresof 
20 M Pa and 10 kPa, and one open feedwater heater 
operating at 1 M Pa with the exit as saturated liq- 
uid. The maximum temperature is 800° C, and the 
turbine has a total power output of 5 M W. Find the 
fraction of theflow forextraction to thefeedwater 
and the total condenser heat transfer rate. 

11.44 Find the cycle efficiency for the cycle in Problem 
11.39. 

11.45 A power plant with one open feedwater heater 
hasa condenser temperatureof 45°C, a maximum 
pressure of 5 M Pa, and a boiler exit temperature 
of 900°C. Extraction steam at 1 M Pa to the feed- 
water heater is mixed with the feedwater line so 
that the exit is saturated liquid into the second 
pump. Find the fraction of extraction steam flow 
and the two specific pump work inputs. 
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11.46 In one type of nuclear power plant, heat is trans- 
ferred in the nuclear reactor to liquid sodium. The 
liquid sodium is then pumped through a heat ex- 
changer where heat is transferred to boiling water. 
Saturated vapor steam at 5 M Pa exits this heat ex- 
changer and is then superheated to 600°C in an 
external gas- fired superheater. The steam enters 
the turbine, which has one (open-type) feedwater 
extraction at 0.4 M Pa. The condenser pressure is 
7.5 kPa. Determine the heat transfer in the reac- 
tor and i n the superheater to produce a net power 
output of 1 M W. 

11.47 Consider an ideal steam regenerative cycle in 
which steam enters the turbineat3 M Paand400°C 
and exhausts to the condenser at 10 kPa. Steam 
is extracted from the turbine at 0.8 M Pa for an 
open feedwater heater. The feedwater leaves the 
heater as saturated liquid. The appropriate pumps 
are used for the water leaving the condenser and 
the feedwater heater. Calculate the thermal effi- 
ciency of the cycle and the network per kilogram 
of steam. 

11.48 A steam power plant operates with a boiler out- 
put of 20 kg/s steam at 2 M Pa and 600°C. The 
condenser operates at50°C, dumping energy into 
a river that has an average temperature of 20°C. 
There is one open feedwater heater with extrac- 
tion from the turbine at 600 kPa, and its exit is 
saturated liquid. Find the mass flow rate of the 
extraction flow. If the river water should not be 
heated more than 5°C, how much water should 
be pumped from the river to the heat exchanger 
(condenser)? 

Closed Feedwater FI eaters 

11.49 Write the analysis (continuity and energy equa- 
tions) for the closed feedwater heater with a drip 
pump as shown in Fig. 11.13. Take the control 
volume to have state 4 out, so that, it includes the 
drip pump. Find the equation for the extraction 
fraction. 

11.50 A closed feedwater heater in a regenerative steam 
power cycle, as shown in Fig. 11.13, heats 20 kg/s 
of water from 100°C and 20 M Pa to 250°C and 
20 M Pa. The extraction steam from the turbine 
enters the heater at 4 M Pa and 275°C and leaves 
as saturated liquid. What is the required mass flow 
rate of the extraction steam? 


11.51 A power plant with one closed feedwater heater 
has a condenser temperature of 45°C, a maximum 
pressure of 5 M Pa, and boiler exit temperature of 
900°C. Extraction steam at 1 M Pa to the feed- 
water heater condenses and is pumped up to the 
5 M Pa feedwater line, where all the water goes to 
the boiler at 200°C. Find the fraction of extraction 
steam flow and the two specific pump work inputs. 

11.52 A Rankine cyclefeeds 5 kg/s ammonia at 2 M Pa, 
140°C, to the turbine, which has an extraction 
point at 800 kPa. The condenser is at -20°C, and 
a closed feedwater heater has an exit state (3) at 
the temperature of thecondensing extraction flow 
and a drip pump. The source for the boiler is at 
constant 180°C. Find the extraction flow rate and 
state 4 into the boiler. 

11.53 Assume the power plant in Problem 11.42 has 
one closed feedwater heater (FW FI ) instead of the 
open FW FI . The extraction flow out of the FW FI 
is saturated liquid at 2033 kPa being dumped into 
the condenser, and thefeedwater i s heated to 50°C . 
Find the extraction flow rate and the total turbine 
power output. 

11.54 Do Problem 11.43 with a closed feedwater heater 
instead of an open heater and a drip pump to add 
the extracti on fl ow to the feedwater I i ne at 20 M Pa. 
Assume the temperature is 175°C after the drip 
pump flow is added to the line. One main pump 
brings the water to 20 M Pa from the condenser. 

11.55 Repeat Problem 11.47, but assume a closed in- 
stead of an open feedwater heater. A single pump 
is used to pump the water I eavi ng the condenser up 
to the boiler pressure of 3 M Pa. Condensate from 
the feedwater heater is drained through a trap to 
the condenser. 

11.56 Repeat Problem 11.47, but assume a closed in- 
stead of an open feedwater heater. A single pump 
is used to pump the water leaving the condenser 
up to the boiler pressure of 3.0 M Pa. Condensate 
from thefeedwater heater is going through a drip 
pump and is added to thefeedwater line, so state 
4 i s at T 6 

Nonideal Cycles 

11.57 A Rankine cycle with water superheats to 500°C 
at 3 M Pa in the boiler, and the condenser oper- 
ates at 100°C. All components are ideal except 
the turbine, which has an exit state measured to 
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be saturated vapor at 100°C. Find the cycle effi- 
ciency with (a) an ideal turbine and (b) the actual 
turbine. 

11.58 Steam enters the turbine of a power plant at 5 
M Pa and 400°C and exhausts to the condenser at 
10 kPa. The turbine produces a power output of 
20 000 kW with an isentropic efficiency of 85%. 
What is the mass flow rate of steam around the 
cycle and the rate of heat rejection in the con- 
denser? Find the thermal efficiency of the power 
plant. Flow does this compare with the efficiency 
of a Carnot cycle? 

11.59 A steam power cyclehasa high pressureof 3 M Pa 
and a condenser exit temperature of 45°C. The 
turbine efficiency is 85%, and other cycle compo- 
nents are ideal. If the boiler superheats to 800°C, 
find the cycle thermal efficiency. 

11.60 For the steam power plant described in Problem 
11.13, assume the isentropic efficiencies of the 
turbine and pump are 85% and 80%, respectively. 
Find the component specific work and heat trans- 
fers and the cycle efficiency. 

11.61 A steam power plant operates with a high pres- 
sureof 5 M Pa and has a boiler exit temperature of 
600°C receiving heat from a 700°C source. The 
ambient air at 20°C provides cooling for the con- 
denser so that it can maintain a temperature of 
45°C inside. All the components are ideal except 
for the turbine, which has an exit state with a qual- 
ity of 97%. Find the work and heat transfer in all 
components per kilogram of water and the turbine 
isentropic efficiency. Find the rate of entropy gen- 
eration per kilogram of water in the boiler/heat 
source setup. 

11.62 Consider the power plant in Problem 11.39. As- 
sume that the high-temperature source is a flow 
of liquid water at 120°C into a heat exchanger at 
a constant pressure of 300 kPa and that the water 
leaves at 90°C . A ssume that the condenser rej ects 
heat to the ambient which isat-20°C. List all the 
places that have entropy generation and find the 
entropy generated i n the boiler heat exchanger per 
kilogram of ammonia flowing. 

11.63 A small steam power plant has a boiler exit of 3 
M Pa and 400°C, and it maintains 50 kPa in the 
condenser. All the components are ideal except 
the turbine, which has an isentropic efficiency of 
80% and should deliver a shaft power of 9.0 M W 


to an electric generator. Find the specific turbine 
work, the needed flow rate of steam, and the cycle 
efficiency. 

11.64 A steam power plant has a high pressure of 5 M Pa 
and maintains 50°C in the condenser. The boiler 
ex i t temperature is 600° C. All the components are 
ideal except the turbine, which has an actual exit 
state of saturated vapor at 50°C. Find the cycle 
efficiency with the actual turbine and the turbine 
isentropic efficiency. 

11.65 A steam power plant operates with a high pres- 
sure of 4 M Pa and has a boiler exit of 600°C re- 
ceiving heat from a 700°C source. The ambient 
air at 20°C provides cooling to maintain the con- 
denser at 60°C. All components are ideal except 
for the turbine, which has an isentropic efficiency 
of 92%. Find the ideal and the actual turbine exit 
qualities. Find the actual specific work and spe- 
cific heat transfer in all four components. 

11.66 For the previous problem, find the specific entropy 
generation in the boiler heat source setup. 

11.67 Repeat Problem 11.43, assuming the turbine has 
an isentropic efficiency of 85%. 

11.68 Steam leaves a power plant steam generator at 3.5 
M Pa, 400°C, and enters the turbine at 3.4 M Pa, 
375°C. The isentropic turbine efficiency is 88%, 
and the turbine exhaust pressure is 10 kPa. Con- 
densate leaves the condenser and enters the pump 
at35°C, 10 kPa. The isentropic pump efficiency is 
80%, and the discharge pressure is 3.7 M Pa. The 
feedwater enters the steam generator at 3.6 M Pa, 
30°C. Calculate the thermal efficiency of the cy- 
cle and the entropy generation for the process in 
the line between the steam generator exit and the 
turbine inlet, assuming an ambient temperature of 
25°C . 


Cogeneration 

11.69 A cogenerating steam power plant, as in Fig. 
11.19, operates with a boiler output of 25 kg/s 
steam at 7 M Pa and 500°C. The condenser op- 
erates at 7.5 kPa. The process heat is extracted at 
5 kg/s from the turbine at 500 kPa, state 6, and after 
use is returned as saturated liquid at 100 kPa, state 
8. Assume all components are ideal and find the 
temperature after pump 1, the total turbine output, 
and the total process heat transfer. 
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11.70 A steam power plant has 4 M Pa, 500°C, into the 
turbine. To have the condenser itself deliver the 
process heat, it is run at 101 kPa. How much net 
power as work is produced for a process heat of 
10 MW? 

11.71 A 10-kg/s steady supply of saturated-vapor steam 
at 500 kPa is required for drying a wood pulp 
slurry in a paper mill (see Fig. P 11.71) . It is de- 
cided to supply this steam by cogeneration; that is, 
the steam supply will be the exhaust from a steam 
turbine. Water at 20°C and 100 kPa is pumped to 
a pressure of 5 M Pa and then fed to a steam gener- 
ator with an exit at 400°C . W hat is the additional 
heat-transfer rate to the steam generator beyond 
what would have been required to produce only 
the desired steam supply? W hat is the difference 
in net power? 



11.72 A boiler delivers steam at 10 M Pa, 550°C, to a 
two-stage turbine, as shown in Fig. 11.19. After 
the first stage, 25% of the steam is extracted at 
1.4 M Pa for a process application and returned at 
1 M Pa, 90°C,to the feedwater line. The remainder 
of the steam continues through the low-pressure 
turbine stage, which exhausts to the condenser at 
10 kPa. One pump brings the feedwater to 1 M Pa, 
and a second pump bri ngs it to 10 M Pa. A ssume 
all components are ideal. If the process applica- 
tion requires 5 MW of power, how much power 
can then be cogenerated by the turbine? 

11.73 In a cogenerating steam power plant, the tur- 
bine receives steam from a high-pressure steam 
drum and a low-pressure steam drum, as shown 
in Fig. P11.73. The condenser consists of two 
closed heat exchangers used to heat water run- 
ning in a separate loop for district heating. The 
hi gh-temperature heater adds 30 M W, andthelow- 
temperature heater adds 31 MW to the district 
heating water flow. Find the power cogenerated 


by the turbine and the temperature in the return 
line to the deaerator. 




FIGURE P1 1.73 


11.74 A smaller power plant produces 25 kg/s steam at 
3 M Pa, 600°C, inthe boiler. It cools the condenser 
to an exit of 45°C, and the cycle is shown in Fig. 
P 11.74. An extraction is done at 500 kPa to an 
open feedwater heater; in addition, a steam supply 
of 5 kg/s is taken out and not returned. The missing 
5 kg/s water is added to the feedwater heater from 
a 20°C, 500 kPa source. Find the needed extrac- 
tion flow rate to cover both the feedwater heater 
and the steam supply. Find the total turbine power 
output. 
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Refrigeration Cycles 

11.75 A refrigerator with R-134a as the working fluid 
hasa minimum temperatureof -10°C and a max- 
imum pressure of 1 M Pa. Assume an ideal refrig- 
eration cycle as in Fig. 11.21. Find the specific 
heat transfer from the cold space and that to the 
hot space, and determine the COP. 

11.76 Repeat the previous problem with R-410a as the 
working fluid. Will that work in an ordinary 
kitchen? 

11.77 Consider an ideal refrigerstion cycle that has a 
condenser temperature of 45°C and an evapora- 
tor temperature of -15°C. Determine the COP of 
this refrigeratorfor the working fluids R-134a and 
R-410a. 

11.78 The natural refrigerant carbon dioxide hasafairly 
low critical temperature. Find the high tempera- 
ture, the condensing temperature, and the COP if 
it is used in a standard cycle with high and low 
pressures of 6 and 3 M Pa. 

11.79 Do Problem 11.77 with ammonia as the working 
fluid. 

11.80 A refrigerator receives 500 W of electrical power 
to the compressor driving the cycle flow of 
R -134a. The refrigerator operates with a condens- 
ing temperatureof 40°C and a low temperatureof 
-5°C. Find the COP for the cycle. 

11.81 A heat pump for heat upgrade uses ammonia with 
a low temperature of 25°C and a high pressure of 
5000 kPa. If it receives 1 M W of shaft work, what 
is the rate of heat transfer at the high temperature? 

11.82 Reconsider the heat pump in the previous prob- 
lem. Assume the compressor is split into two. 
First, compress to 2000 kPa; then, take heat trans- 
fer out at constant P to reach saturated vapor and 
compress to 5000 kPa. Find the two rates of heat 
transfer, at 2000 kPa and at 5000 kPa, for a total 
of 1 M W shaft work input. 

11.83 An air conditioner in the airport of Timbuktu runs 
a cooling system using R-410a with a high pres- 
sure of 1500 kPa and a low pressure of 200 kPa. It 
should cool the desert air at 45°C down to 15°C . 
Find the cycle COP. Will the system work? 

11.84 Consider an ideal heat pump that has a condenser 
temperature of 50°C and an evaporator tempera- 
ture of 0°C. DeterminetheCOP of this heat pump 
forthe working fluids R-134a, and ammonia. 


11.85 A refrigerator with R-134a as the working fluid 
hasa minimum temperatureof -10°C and a maxi- 
mum pressureof 1 M Pa.Theactual adiabaticcom- 
pressor exittemperature is 60°C . A ssume no pres- 
sure loss in the heat exchangers. Find the specific 
heat transfer from the cold space and that to the 
hot space, the COP, and the isentropic efficiency 
of the compressor. 

11.86 A refrigerator in a meat warehouse must keep a 
low temperature of -15°C. It uses ammonia as 
the refrigerant, which must remove 5 kW from 
the cold space. Assume that the outside temper- 
ature is 20°C. Find the flow rate of the ammonia 
needed, assuming a standard vapor-compression 
refrigeration cycle with a condenser at20°C. 

11.87 A refrigerator has a steady flow of R-410a as satu- 
rated vapor at -20°C into the adiabatic compres- 
sor that brings it to 1400 kPa. After compression 
the temperature is measured to be 60°C. Find the 
actual compressor work and the actual cycle COP. 

11.88 A heat pump uses R-410a with a high pressureof 
3000 kPa and an evaporator operating at 0°C so 
that it can absorb energy from underground water 
layers at 8°C. Find the COP and the temperature 
at which it can deliver energy. 

11.89 The air conditioner in a car uses R-134a and the 
compressor power input is 1.5 kW, bringing the 
R-134a from 201.7 kPa to 1200 kPa by compres- 
sion. Thecold spaceisa heat exchanger that cools 
30°C atmospheric air from the outside down to 
10°C and blows it into the car. W hat is the mass 
flow rate of the R - 134a, and what is the low- 
temperature heat-transfer rate? What is the mass 
flow rate of air at 10°C? 

11.90 A refrigerator using R-134a is located in a 20°C 
room. Consider the cycle to be ideal, except that 
the compressor is neither adiabatic nor reversible. 
Saturated vapor at -20°C enters the compressor, 
and the R- 134a exits the compressor at 50°C .The 
condensertemperature is 40°C . T he mass flow rate 
of refrigerant around the cycle is 0.2 kg/s, and 
the COP is measured and found to be 2.3. Find 
the power input to the compressor and the rate of 
entropy generation in the compressor process. 

11.91 A small heat pump unit is used to heat water for 
a hot-water supply. A ssume that the unit uses am- 
monia and operates on the ideal refrigeration cy- 
cle. The evaporator temperature is 15°C, and the 
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condenser temperature is 60°C. If the amount of 
hot water needed isO.l kg/s, determinetheamount 
of energy saved by using the heat pump instead of 
directly heating the water from 15 to 60°C. 

11.92 The ref ri gerant R-134a is used astheworking fluid 
in a conventional heat pump cycle. Saturated va- 
por enters the compressor of this unit at 10°C; its 
ex i t tern peratu refromthecomp resso r i s m easu red 
and found to be 85°C. If the compressor exit is 
2 M Pa, what is the compressor isentropic effi- 
ciency and the cycle COP? 

11.93 A refrigerator in a laboratory uses R-134a as the 
worki ng substance. T he hi gh pressure i s 1200 kPa, 
the low pressure is 101.3 kPa, and the compressor 
isreversible. Itshould remove 500 W from aspec- 
imen currently at -20°C (not equal to T L in the 
cycle) that is inside the refrigerated space. Find 
the cycle COP and the electrical power required. 

11.94 Consider the previous problem, and find the two 
rates of entropy generation in the process and 
where they occur. 

11.95 In an actual refrigeration cycle using R-134a as 
the working fluid, the refrigerant flow rate is 0.05 
kg/s. Vapor enters the compressor at 150 kPa and 
-10°C and leaves at 1.2 M Pa and 75°C. The power 
input to the nonadiabatic compressor is measured 
and found to be 2.4 kW. The refrigerant enters the 
expansion valve at 1.15 M Pa and 40°C and leaves 
the evaporator at 175 kPaand -15°C. Determine 
the entropy generation in the compression pro- 
cess, the refrigeration capacity, and the COP for 
this cycle. 

Extended Refrigeration Cycles 

11.96 One means of improving the performance of a re- 
frigeration system that operates over a wide tem- 
perature range is to use a two-stage compressor. 
Consider an ideal refrigeration system of this type 
that uses R-410a as the working fluid, as shown in 
Fig. 11.23. Saturated liquid leaves thecondenser at 
40°C and is throttled to -20°C. The liquid and va- 
por at th i s tern peratu re are separated, andtheliquid 
is throttled to the evaporator temperature, -50°C . 
Vapor leaving the evaporator is compressed to the 
satu rati o n pressu recorrespondingto-20°C, after 
which it is mixed with the vapor leaving the flash 
chamber. It may be assumed that both the flash 
chamber and the mixing chamber are well insu- 


lated to prevent heat transfer from the ambient air. 
Vapor leaving the mixing chamber is compressed 
in the second stage of the compressor to the sat- 
uration pressure corresponding to the condenser 
temperature, 40°C. Determine the following: 

a. The COP of the system. 

b. The COP of a simple ideal refrigeration cycle 
operating over the same condenser and evapo- 
rator ranges as those of the two-stage compres- 
sor unit studied in this problem. 

11.97 A cascade system with one refrigeration cycle op- 
erating with R-410a has an evaporator at -40°C 
and a high pressure of 1400 kPa. The high- 
temperature cycle uses R-134a with an evaporator 
at 0°C and a high pressure of 1600 kPa. Find the 
ratio of the two cycles’ mass flow rates and the 
overall COP. 

11.98 A cascade system is composed of two ideal re- 
frigeration cycles, as shown in Fig. 11.25. The 
high-temperature cycle uses R-410a. Saturated 
liquid leaves thecondenser at40°C, and saturated 
vapor leaves the heat exchanger at -20°C. The 
low-temperature cycle uses a different refriger- 
ant, R-23. Saturated vapor leaves the evaporator 
at -80°C with h = 330 kj /kg, and saturated liquid 
leaves the heat exchanger at -10°C with A) = 185 
kj/kg. R-23 out of the compressor has h = 405 
kj /kg. Calculate the ratio of the mass flow rates 
through the two cycles and the COP of the total 
system. 

11.99 A split evaporator is used to cool the refriger- 
ator section and separate cooling of the freezer 
section, as shown in Fig. P 11.99. Assume constant 
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pressure in the two evaporators. How does the 
COP = {On + Ql 2 )IW compare to that of a re- 
frigerator with a single evaporator at the lowest 
temperature? 

11.100 A refrigerator using R-410a is powered by a small 
natural gas- fired heat engine with a thermal ef- 
ficiency of 25%, as shown in Fig. P11.100. The 
R-410a condenses at 40°C, it evaporates at 
-20°C, and the cycle is standard. Find the two 
specific heat transfers in the refrigeration cycle. 
What is the overall COP as 0 /. /0 i ? 
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Ammonia Absorption Cycles 

11.101 Notice that in the configuration of Fig. 11.26, the 
left-hand-side column of devices substitutes for 
a compressor in the standard cycle. What is an 
expression for the equivalent work output from 
the left-hand-side devices, assuming they are re- 
versible and the high and low temperatures are 
constant, as a function of the pump work 1/1/ and 
the two temperatures? 

11.102 As explained in the previous problem, the ammo- 
nia absorption cycle is very similar to the setup 
sketched in Problem 11.100. Assume the heat en- 
gine has an efficiency of 30% and the COP of the 
refrigeration cycle is 3.0. W hat is the ratio of the 
cooling to the heating heat transfer QlIQiI 

11.103 Consider a small ammonia absorption refriger- 
ation cycle that is powered by solar energy and 
is to be used as an air conditioner. Saturated va- 
por ammonia leaves the generator at 50°C, and 
saturated vapor leaves the evaporator at 10°C. If 
7000 kj of heat is required in the generator (solar 
collector) per kilogram of ammonia vapor gen- 


erated, determine the overall performance of this 
system. 

11.104 The performance of an ammonia absorption cy- 
cle refrigerator is to be compared with that of a 
similar vapor-compression system. Consider an 
absorption system having an evaporator temper- 
ature of -10°C and a condenser temperature of 
50°C .The generator temperature in this system is 
150°C. In this cycle 0.42 kj is transferred to the 
ammonia in the evaporator for each kilojoule 
transferred from the high-temperature source to 
the ammonia solution in the generator. To make 
the comparison, assume that a reservoir is avail- 
able at 150°C and that heat is transferred from 
this reservoir to a reversible engine that rejects 
heat to the surroundings at 25°C. This work is 
then used to drive an ideal vapor-compressi on sys- 
tem with ammonia as the refrigerant. Compare the 
amount of refrigeration that can be achieved per 
kilojoule from the high-temperature source with 
the 0.42 kj that can be achieved in the absorption 
system. 

Availability or E xergy C oncepts 

Rankine Cycles 

11.105 Find the availability of the water at all four states 
in the Rankine cycle described in Problem 11.30. 
A ssumethat the high-temperature source is500°C 
and the low -temperature reservoir is at 25°C. De- 
termine the flow of availability into or out of the 
reservoirs per kilogram of steam flowing in the 
cycle. What is the overall second-law efficiency 
of the cycle? 

11.106 If we neglect the external irreversibilties due to 
the heat transfers over finite temperature differ- 
ences in a power plant, how would you define its 
second-law efficiency? 

11.107 Find the flows and fluxes of exergy in the con- 
denser of Problem 11.29. Use them to determine 
the second-law efficiency. 

11.108 Find the flows of exergy into and out of the feed- 
water heater in Problem 11.42. 

11.109 The power plant using ammonia in Problem 11.62 
has a flow of liquid water at 120°C, 300 kPa, as a 
heat source; the water leaves the heat exchanger at 
90°C. Find the second-law efficiency of this heat 
exchanger. 
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11.110 For Problem 11.52, consider the boiler/superheater. 
Find the exergy destruction in this setup and the 
second-law efficiency for the boiler-source setup. 

11.111 Steam is supplied in a line at 3 M Pa, 700°C. A 
turbine with an isentropic efficiency of 85% is 
connected to the line by a valve, and it exhausts to 
the atmosphere at 100 kPa. If the steam is throttled 
down to 2 M Pa before entering the turbine, find 
theactual turbinespecific work. Findthechangein 
availability through the valve and the second-law 
efficiency of the turbine. 

11.112 A flow of steam at 10 M Pa, 550°C, goes through 
a two-stage turbine. The pressure between the 
stages is 2 M Pa, and the second stage has an exit at 
50 kPa. A ssume both stages have an isentropic ef- 
ficiency of 85%. Find the second-law efficiencies 
for both stages of the turbi ne. 

11.113 The simple steam power plant shown in Prob- 
lem 6.103 has a turbine with given inlet and exit 
states. Find the avail ability attheturbi neexit, state 
6. Find the second-law efficiency for the turbine, 
neglecting kinetic energy at state 5. 

11.114 Consider the high-pressure closed feedwater 
heater in the nuclear power plant described in 
Problem 6.106. Determine its second-law effi- 
ciency. 

11.115 Find the avai I abi I i ty of the water at al I the states i n 
thesteam powerplantdescribed in Problem 11.60. 
Assume the heat source in the boiler is at 600°C 
and the low-temperature reservoi r i s at 25°C . G i ve 
the second-law efficiency of all the components. 

Refrigeration Cycles 

11.116 Find two heat transfer rates, the total cycle exergy 
destruction, and the second-law efficiency for the 
refrigerator in Problem 11.80. 

11.117 I n a refrigerator, saturated vapor R-134a at -20°C 
from the evaporator goes into a compressor that 
has a high pressure of 1000 kPa. After com- 
pression the actual temperature is measured to 
be 60°C. Find the actual specific work and the 
compressor’s second-law efficiency, using T 0 = 
298 K. 

11.118 Whatisthesecond-law efficiency of the heat pump 
in Problem 11.81? 

11.119 The condenser in a refrigerator receives R-134a 
at 700 kPa and 50°C, and it exits as saturated 


liquid at 25°C. The flow rate is 0.1 kg/s, and the 
condenser has air flowing in at an ambient tem- 
perature of 15°C and leaving at 35°C. Find the 
minimum flow rate of air and the heat exchanger 
second-law efficiency. 

Combined Cycles 

See Section 12.12 for text and figures. 

11.120 A binary system power plant uses mercury for 
the high-temperature cycle and water for the low - 
temperature cycle, as shown in Fig. 12.20. The 
temperatures and pressures are shown in the cor- 
responding T -s diagram. The maximum temper- 
ature in the steam cycle is where the steam leaves 
the superheater at point 4, where it is 500°C. De- 
termine the ratio of the mass flow rate of mercury 
to the mass fl ow rate of water i n the heat exchanger 
that condenses mercury and boi I s the water and the 
thermal efficiency of this ideal cycle. 

The following saturation properties for mer- 
cury are known: 


p, 

Tg, 

^fl 

hgr 

Sf, kj / 

Sg, kj / 

MPa 

°C 

kj /kg 

kj/kg 

kg-K 

kg-K 

0.04 

309 

42.21 

335.64 

0.1034 

0.6073 

1.60 

562 

75.37 

364.04 

0.1498 

0.4954 


11.121 A Rankine steam power plant should operate with 
a high pressure of 3 M Pa, a low pressure of 
10 kPa, and a boiler exit temperature of 500°C. 
The available high-temperature source is the ex- 
haust of 175 kg/s ai r at 600°C from a gas turbi ne. 

I f the boi I er operates as a counterfl ow i ng heat ex- 
changer where the temperature difference at the 
pinch point is20°C, find the maxi mum water mass 
flow rate possible and the air exit temperature. 

11.122 Consider an ideal dual-loop heat-powered ref ri g- 
erati on cycle using R- 134a as the working fluid, as 
shown in Fig. P11.122. Saturated vapor at 90°C 
leaves the boiler and expands in the turbine to 
the condenser pressure. Saturated vapor at -15°C 
leaves the evaporator and is compressed to the 
co n d en ser p ressu re.The rati ooftheflowsthro ugh 
the two I oops is such that the turbi ne produces j ust 
enough power to drive thecompressor. The two ex- 
iting streams mix together and enter thecondenser. 
Saturated liquid leaving the condenser at 45°C is 
then separated into two streams in the necessary 
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proportions. Determine the ratio of mass flow rate 
through the power loop to thatthrough the refriger- 
ation loop. Find also the performance of the cycle 
in terms of the ratio Q l IQh- 



11.123 For a cryogenic experiment, heat should be re- 
moved from a space at 75 K to a reservoir at 
180 K. A heat pump is designed to use nitro- 
gen and methane in a cascade arrangement (see 
Fig. 11.25), where the high temperature of the ni- 
trogen condensation is at 10 K higher than the 
low -temperature evaporation of the methane. The 
two other phase changes take place at the listed 
reservoir temperatures. Find the saturation tem- 
peratures in the heat exchanger between the two 
cycles that give the best COP for the overall 
system. 

11.124 For Problem 11.121, determine the change of 
availability of the water flow and that of the air 
flow. Use these to determine the second-law effi- 
ciency for the boiler heat exchanger. 

Review Problems 

11.125 Do Problem 11.27 with R-134a as the working 
fluid in the Rankine cycle. 

11.126 A simple steam power plant is said to have the 
four states as listed: (1) 20°C, 100 kPa, (2) 25°C, 
1 M Pa, (3) 1000°C, 1 M Pa, (4) 250°C, 100 kPa, 
with an energy source at 1100°C, and it rejects 


energy to a 0°C ambient. Is this cycle possible? 
Are any of the devices impossible? 

11.127 Consider an ideal steam reheat cycle as shown in 
Fig. 11.9, where steam enters the high-pressure 
turbine at 4 M Pa and 450°C with a mass flow 
rate of 20 kg/s. After expansion to 400 kPa, it is 
reheated to T 5 flowing through the low-pressure 
turbine out to the condenser operating at 10 kPa. 
Find T 5 so that the turbine exit quality is at least 
95%. For this reheat temperature, find also the 
thermal efficiency of the cycle and the net power 
output. 

11.128 A n ideal steam power plant is designed to operate 
onthecombined reheatand regenerative cycle and 
to produce a net power output of 10 M W. Steam 
enters the high-pressure turbine at 8 M Pa, 550°C, 
and is expanded to 0.6 M Pa. A t this pressure, some 
of the steam is fed to an open feedwater heater and 
the remainder is reheated to 550°C .The reheated 
steam is then expanded in the low-pressure tur- 
bine to 10 kPa. Determine the steam flow rate to 
the high-pressure turbine and the power required 
to drive each pump. 

11.129 Steam enters the turbine of a power plant at 
5 M Pa and 400°C and exhausts to the condenser 
at 10 kPa. The turbi ne produces a power output of 
20 000 kW with an isentropic efficiency of 85%. 
W hat is the mass flow rate of steam around the cy- 
cleand the rateof heat rejection in the condenser? 
Find the thermal efficiency of the power plant. 

11.130 I n one type of nuclear power plant, heat is trans- 
ferred in the nuclear reactor to liquid sodium. The 
liquid sodium is then pumped through a heat ex- 
changer where heat is transferred to boiling wa- 
ter. Saturated vapor steam at 5 M Pa exits this heat 
exchanger and is then superheated to 600°C in 
an external gas- fired superheater. The steam en- 
ters the reversible turbine, which has one (open- 
type) feedwater extraction at 0.4 M Pa, and the 
condenser pressure is 7.5 kPa. Determine the heat 
transfer in the reactor and in the superheater to 
produce a net power output of 1 M W. 

11.131 An industrial application has the foil owing steam 
requirement: one 10 -kg/s stream at a pressure 
of 0.5 M Pa and one 5-kg/s stream at 1.4 M Pa 
(both saturated or slightly superheated vapor). 
These are obtained by cogeneration, whereby a 
high-pressure boiler supplies steam at 10 MPa 
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and 500°C to a reversible turbine. The required 
amount is withdrawn at 1.4 M Pa, and the remain- 
der is expanded in the low-pressure end of the 
turbine to 0.5 M Pa, providing the second required 
steam flow. 

a. D etermi ne the power output of the turbi ne and 
the heat-transfer rate in the boiler. 

b. Compute the rates needed if the steam were 
generated in a low-pressure boiler without co- 
generation. Assume that for each, 20°C liquid 
water is pumped to the required pressure and 
fed to a boiler. 

11.132 The effect of a number of open feedwater heaters 
on the thermal efficiency of an ideal cycle is to 
be studied. Steam leaves the steam generator at 
20 M Pa, 600°C, and the cycle has a condenser 
pressure of 10 kPa. Determine the thermal effi- 
ci ency for each of thefol low i ng cases. A : N o feed- 
water heater. B: Onefeedwaterheateroperating at 
1 M Pa. C : Two feedwater heaters, one operating 
at 3 M Pa and the other at 0.2 M Pa. 

11.133 A jet ejector, a device with no moving parts, 
functions as the equivalent of a coupled turbine- 
compressor unit (see Problems 9.157 and 9.168). 
Thus, the turbine-compressor in the dual-loop cy- 
cle of Fig. P11.122 could be replaced by a jet 
ejector. The primary stream of the jet ejector en- 
ters from the boiler, the secondary stream enters 
from the evaporator, and the discharge flows to 
the condenser. A Iternatively, a jet ejector may be 
used with water as the working fluid. The pur- 


pose of the device is to chill water, usually for 
an air-conditioning system. In this application the 
physical setup is as shown in Fig. P11.133. Using 
thedatagiven on the diagram, evaluate the perfor- 
mance of this cycle in terms of the ratio QlIQh ■ 

a. Assume an ideal cycle. 

b. Assumeanejectorefficiency of 20% (seeProb- 
lem 9.168). 


Primary 
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Rankine Cycles 

11.134 A steam power plant, as shown in Fig. 11.3, op- 
erating in a Rankine cycle has saturated vapor at 
600 lbf/in. 2 leaving the boiler. The turbine ex- 
hausts to the condenser operating at 2.23 psi. 
Find the specific work and heat transfer in each 
of the ideal components and the cycle efficiency. 

11.1353 Consider a solar-energy-powered ideal Rank- 
ine cycle that uses water as the working 
fluid. Saturated vapor leaves the solar collec- 
tor at 350 F, and the condenser pressure is 
0.95 psi. Determine the thermal efficiency of 
this cycle. 


11.136- A Rankine cycle with R-410a has the boiler at 
600 psia superheating to 340 F, and the con- 
denser operates at 100 psi a. Find all four energy 
transfers and the cycle efficiency. 

11.137 A low -temperature power plant operates with 
R-410a maintaining 60 psia in the condenser and 
a high pressure of 400 psia with superheat. Find 
the temperature out of the boiler/superheater so 
that the turbine exit temperature is 20 F, and find 
the overall cycle efficiency. 

11.138 A supply of geothermal hot water isto be used as 
theenergy source in an ideal Rankinecycle, with 
R-134a as the cycle working fluid. Saturated 
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vapor R-134a leaves the boiler at a temperature 
of 180 F, and the condenser temperature is 100 
F. Calculate the thermal efficiency of this cycle. 

11.139 Do Problem 11.138 with R-410a as the working 
fluid. 

11.1401:: A smaller power plant produces 50 I bm/s steam 
at 400 psia, 1100 F, in the boiler. It cools the 
condenser with ocean water coming in at 55 F 
and returned at 60 F, so that the condenser exit 
is at 110 F. Find the net power output and the 
required mass flow rate of ocean water. 

11.141 The power plant in Problem 11.134 is modified 
to have a superheater secti on f ol I ow i ng the boi I er 
so that the steam leaves the superheater at 600 
lbf/in. 2 , 700 F. Find the specific work and heat 
transfer in each of the ideal components and the 
cycle efficiency. 

11.142 Consider a simple ideal Rankine cycle using 
water at a supercritical pressure. Such a cycle 
has the potential advantage of minimizing lo- 
cal temperature differences between the fluids 
in the steam generator, such as when the high- 
temperature energy source is the hot exhaust gas 
from agas-turbineengine. Calculate thethermal 
effici ency of the cycle if the state enteri ng thetur- 
bine is 3500 lbf/in. 5 , 1100 F, and the condenser 
pressure is 1 lbf/in. 2 . W hat is the steam quality 
at the turbine exit? 

11.143 A Rankine cycle uses ammonia as the work- 
ing substance and is powered by solar energy, 
it heats the ammonia to 320 F at 800 psia in 
the boiler/superheater. The condenser is water 
cooled, and the exit is kept at 70 F. Find the cy- 
cle efficiency. 

11.144! Assume that the power pi ant in Problem 11.143 
shoul d del i ver 1000 B tu/s. W hat i s the mass fl ow 
rate of ammonia? 

11.145 Consider an ideal steam reheat cycle in which 
the steam enters the high-pressure turbi ne at 600 
lbf/in. 2 , 700 F, and then expands to 120 lbf/in. 2 . 
it is then reheated to 700 F and expands to 
2.23 psi in the low-pressure turbine. Calculate 
the thermal efficiency of the cycle and the 
moisture content of the steam leaving the low- 
pressure turbine. 

11.146? Consider an ideal steam regenerative cycle in 
which steam enters the turbine at 600 lbf/in. 2 , 


700 F, and exhausts to the condenser at 2.23 
psi. Steam is extracted from the turbine at 120 
lbf/in. 2 for an open feedwater heater. The feed- 
water leaves the heater as saturated liquid. The 
appropriate pumps are used forthe water leaving 
the condenser and the feedwater heater. Calcu- 
late the thermal efficiency of the cycle and the 
net work per pound-mass of steam. 

11.1472 A closed feedwater heater in a regenerative 
steam power cycle heats 40 I bm/s of water from 
200 F, 2000 lbf/in. 2 , to 450 F, 2000 lbf/in. 2 . 
The extraction steam from the turbine enters the 
heater at 500 lbf/in. 2 , 550 F, and leaves as satu- 
rated liquid. What is the required mass flow rate 
of the extraction steam? 

11.148/ A Rankine cycle feeds 10 1 bm/s ammonia at 300 
psia, 280 F, to the turbine, which has an extrac- 
tion point at 125 psia. The condenser is at 0 F, 
and a closed feedwater heater has an exit state 
(3) at the temperature of the condensing extrac- 
tion flow and a drip pump. The source for the 
boiler is at a constant 350 F. Find the extraction 
flow rate and state 4 into the boiler. 

11.149? A steam power cycle has a high pressure of 
500 lbf/in. 2 and a condenser exit temperature of 
110 F. The turbine efficiency is 85%, and other 
cycle components are ideal. If the boiler super- 
heats to 1400 F, find the cyclethermal efficiency. 

11.150 The steam power cycle in Problem 11.134 has 
an isentropic efficiency of 85% for the turbine 
and 80% forthe pump. Find the cycle efficiency 
and the specific work and heat transfer in the 
components. 

11.151E Steam leaves a power plant steam generator at 
500 lbf/in. 2 , 650 F, and enters the turbine at 490 
lbf/in. 2 , 625 F. The isentropic turbine efficiency 
is 88%, and the turbine exhaust pressure is 1.7 
lb/in. 2 . Condensate I eaves the condenser and en- 
ters the pump at 110 F, 1.7 lbf/in. 2 . The isen- 
tropic pump effici ency is 80%, and the discharge 
pressure i s 520 1 bf/i n ? . T he feedwater enters the 
steam generator at 510 lbf/in. 2 , 100 F. Calculate 
the thermal efficiency of the cycle and the en- 
tropy generation of the flow in the line between 
the steam generator exit and the turbine inlet, 
assuming an ambient temperature of 77 F. 

11.152 A boiler delivers steam at 1500 lbf/in. 2 , 1000 
F, to a reversible two-stage turbine, as shown in 


ENGLISH UNIT PROBLEMS ■ 473 


Fig. 11.11. After the first stage, 25% of the steam 
is extracted at 200 lbf/in. 2 for a process appli- 
cation and returned at 150 lbf/in. 2 , 190 F, to the 
feedwater I i ne. T he remainder of the steam con- 
tinues through the low-pressure turbine stage, 
which exhausts to the condenser at 2 lbf/in. 2 . 
One pump brings the feedwater to 150 lbf/in. 2 
and a second pump brings it to 1500 lbf/in. 2 . If 
the process application requires 5000 Btu/s of 
power, how much power can be cogenerated by 
the turbine? 

Refrigeration Cycles 

11.153E A car air conditioner (refrigerator) in 70 F am- 
bient air uses R-134a, which should cool the air 
to 20 F. What is the minimum high P and the 
maximum low P it can use? 

11.154;- Consider an ideal refrigeration cycle that has a 
condenser temperature of 110 F and an evapo- 
rator temperature of 5 F. Determine the COP of 
this refrigerator for the working fluids R-134a 
and R-410a. 

11.155 Find the high temperature, the condensing tem- 
perature, and the COP if ammonia is used in a 
standard refrigeration cycle with high and low 
pressures of 800 psia and 300 psia, respectively. 

11.1561 A refrigerator receives 500 W of electrical power 
to the compressor driving the cycle flow of 
R-134a. The refrigerator operates with a con- 
densing temperature of 100 F and a low tem- 
perature of -10 F. Find the COP for the 
cycle. 

11.157 Consider an ideal heat pump that has a con- 
denser temperature of 120 F and an evaporator 
temperature of 30 F. Determine the COP of this 
heat pump for the working fluids R-410a and 
ammonia. 

11.158 The refrigerant R-134a is used as the working 
fluid in a conventional heat pump cycle. Satu- 
rated vapor enters the compressor of this unit at 
50 F; its exit temperature from the compressor 
is measured and found to be 185 F. If the com- 
pressor exit is 300 psia, what is the isentropic 
efficiency of the compressor and the COP of the 
heat pump? 

Availability and C ombined C ydes 

11.159: (Advanced) Find the availability of the water at 
all four states in the Rankine cycle described in 


Problem 11. 141E. A ssumethe high-temperature 
source is 900 F and the low-temperature reser- 
voi r is at 65 F. Determine the flow of availability 
in or out of the reservoirs per pound-mass of 
steam flowing in the cycle. What is the overall 
cycle second-law efficiency? 

11.160T Find the flows and fluxes of exergy in the con- 
denser of Problem 11.140E. Use them to deter- 
mine the second-law efficiency. 

11.161E Find the flows of exergy into and outof the feed- 
water heater in Problem 11.140E. 

11.162: For Problem 11.148E, consider the boiler/ 
superheater. Find the exergy destruction and 
the second-law efficiency for the boiler-source 
setup. 

11.163T Find two heat transfer rates, the total cycle ex- 
ergy destruction, and the second-law efficiency 
for the refrigerator in Problem 11.156E. 

11.164L Consider an ideal dual-loop heat-powered re- 
frigeration cycle using R-134a as the working 
fluid, as shown in Fig. P11.122. Saturated vapor 
at 220 F I eaves the boiler and expands in the tur- 
bine to the condenser pressure. Saturated vapor 
at 0 F leaves the evaporator and is compressed 
to the condenser pressure. The ratio of the flows 
through the two loops is such that the turbine 
produces just enough power to drive the com- 
pressor. The two exiting streams mix together 
and enter the condenser. Saturated liquid leav- 
ing the condenser at 110 F is then separated into 
two streams in the necessary proportions. De- 
termine the ratio of mass flow rate through the 
power loop to that through the refrigeration loop. 
Find also the performance of the cycle, in terms 
of the ratio QlIQh- 

11.165 The simple steam power plant in Problem 
6.180E, shown in Fig. P6.103, hasaturbinewith 
given inletand exitstates. Find theavailability at 
the turbine exit, state 6. Find the second-law effi- 
ciency for the turbine, neglecting kinetic energy 
at state 5. 

11.166;: Steam issupplied in a line at 400 lbf/in. 2 , 1200 F. 
A turbine with an isentropic efficiency of 85% is 
connected to the line by a valve, and it exhausts 
to the atmosphere at 14.7 lbf/in. 2 . If the steam 
is throttled down to 300 lbf/in. 2 before entering 
the turbi ne, fi nd the actual turbi ne specific work. 
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Find the change in availability through the valve 
and the second law efficiency of the turbine. 

Review Problems 

11.167E Consider a small ammonia absorption refriger- 
ation cycle that is powered by solar energy and 
is to be used as an air conditioner. Saturated va- 
por ammonia leaves the generator at 120 F, and 
saturated vapor leaves the evaporator at 50 F. If 
3000 Btu of heat is required in the generator 
(solar collector) per pound-mass of ammonia 
vapor generated, determine the overall perfor- 
mance of this system. 

11.168 Consider an ideal combined reheat and regen- 
erative cycle in which steam enters the high- 
pressure turbine at 500 1 bf/in. 2 , 700 F, and is ex- 
tracted to an open feedwater heater at 120 1 bf/in. 2 
with exit as saturated liquid. The remainder of 


the steam is reheated to 700 F at this pressure, 
120 lbf/in. 2 , and is fed to the low-pressure tur- 
bine. The condenser pressure is 2 lbf/in. 2 . Cal- 
culate the thermal effi ci ency of the cy cl e and the 
net work per pound-mass of steam. 

11.169): I none type of nuclear power plant, heat is trans- 
ferred in the nuclear reactor to liquid sodium. 
The liquid sodium is then pumped through a heat 
exchanger where heat is transferred to boiling 
water. Saturated vapor steam at 700 lbf/in. 2 ex- 
its this heat exchanger and is then superheated 
to 1100 F in an external gas-fired superheater. 
The steam enters the turbine, which has one 
(open-type) feedwater extraction at 60 lbf/in. 2 . 
The isentropic turbine efficiency is 87%, and 
the condenser pressure is 1 lbf/in. 2 . Determine 
the heat transfer in the reactor and in the super- 
heater to produce a net power output of 1000 
Btu/s. 


COMPUTER, DESIGN, AND OPEN-ENDED PROBLEMS 


11.170 The effect of turbine exhaust pressure on the per- 
formance of the ideal steam Rankine cycle given 
in Problem 11.30 is to be studied. Calculate the 
thermal efficiency of the cycle and the moisture 
content of the steam leaving the turbine for tur- 
bine exhaust pressures of 5, 10, 50, and 100 kPa. 
Plot the thermal efficiency versus turbine exhaust 
pressure for the specified turbine inlet pressure 
and temperature. 

11.171 The effect of turbine inlet pressure on the per- 
formance of the ideal steam Rankine cycle given 
in Problem 11.30 is to be studied. Calculate 
the thermal efficiency of the cycle and the mois- 
ture content of the steam leaving the turbine 
for turbine inlet pressures of 1, 3.5, 6, and 10 
M Pa. Plot the thermal efficiency versus turbine 
inlet pressure for the specified turbine inlet tem- 
perature and exhaust pressure. 

11.172 A power plant is built to provide district heating 
of buildings that requires 90°C liquid water at 150 
kPa. The district heating water is returned at50°C, 
100 kPa, in a closed loop in an amount such that 
20 M W of power is delivered. This hot water is 
produced from a steam power cycle with a boiler 
making steam at 5 M Pa, 600°C, delivered to the 


steam turbine. The steam cycle could haveits con- 
denser operate at 90°C, providing the power to the 
district heating. 1 1 could also bedonewith extrac- 
tion of steam from the turbine. Suggest a system 
and evaluate its performance in terms of the co- 
generated amount of turbine work. 

11.173 Use the software for the properties to consider 
the moisture separator in Problem 6.106. Steam 
comes in at state 3 and leaves as liquid, state 9, 
with the rest, at state 4, going to the low-pressure 
turbine. Assume no heat transfer and find the total 
entropy generation and irreversibility in the pro- 
cess. 

11.174 The effect of evaporator temperature on the COP 
of a heat pump is to be studied. Consider an ideal 
cycle with R-134a as the working fluid and a con- 
denser temperature of 40°C. Plot a curve for the 
COP versus the evaporator temperature for tem- 
peratures from +15 to -25°C . 

11.175 A hospital requires 2 kg/s steam at 200°C, 
125 kPa, for sterilization purposes, and space heat- 
ing requires 15 kg/s hot water at 90°C, 100 kPa. 
Both of these requirements are provided by the 
hospital's steam power plant. Discuss some ar- 
rangement that will accomplish this. 
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11.176 Investigate the maximum power out of a steam 
power plant with operating conditions as in Prob- 
lem 11.30. The energy source is 100 kg/s com- 
bustion products (air) at 125 kPa, 1200 K . M ake 
sure the air temperature is higher than the water 
temperature throughout the boiler. 

11.177 In Problem 11.121, a steam cycle was powered by 
the exhaust from a gas turbine. With a single water 
flow and airflow heat exchanger, the air is leaving 
with a relatively high temperature. Analyze how 
more of the energy in the air can be used before 
the airflows out to the chimney. Can it be used in 
a feedwater heater? 

11.178 Thecondenserin Problem 6.103 usescooling wa- 
ter from a lake at 20°C and it should not be heated 


more than 5°C, as it goes back to the I ake. Assume 
the heat transfer rate inside the condenser is Q = 
350 (1/1/ /m 2 K) x A AT. Estimate the flow rate of 
the cooling water and the needed interface area. 
Discuss your estimates and the size of the pump 
for the cooling water. 

Assign only one of these, like, Problem 11.179 (c) (all 

included in theSolution M anual). 

11.179 Use the computer software to solve the following 
problems with R-12 as the working substance: (a) 
11.75, (b) 11.77, (c) 11.86, (d) 11.95, (e) 11.157. 

11.180 Use the computer software to solve the following 
problems with R-22 as the working substance: (a) 
11.21, (b) 11.25, (c) 11.77, (d) 11.92, (e) 11.138. 

Consider also, Problems 11.168 and 10.169. 


Power and 
Refrigeration 
Systems — Gaseous 
Working Fluids 


In the previous chapter, we studied power and refrigeration systemsthat utilizecondensing 
working fluids, in particular those involving steady-state flow processes with shaft work. 
It was noted that condensing working fluids have the maximum difference in the - f vdP 
work terms between the expansion and compression processes, in this chapter, we con- 
tinue to study power and refrigeration systems involving steady-state flow processes, but 
those with gaseous working fluids throughout, recognizing that the difference in expan- 
sion and compression work terms is considerably smaller. We then study power cycles for 
piston/cylinder systems involving boundary-movement work. We conclude the chapter by 
examining combined cycle system arrangements. 

We begin the chapter by introducing the concept of the air-standard cycle, the basic 
model to be used with gaseous power systems. 


12.1 


AIR-STANDARD POWER CYCLES 


In Section 11.1, we considered idealized four-process cycles, including both steady-state- 
process and piston/cylinder boundary-movement cycles. The question of phase-change cy- 
cles and si ngle-phase cycles was also mentioned. We then examined the Rankine power pi ant 
cycle in detail, the idealized model of a phase-change power cycle. However, many work- 
producing devices (engines) utilize a working fluid that is always a gas. The spark-ignition 
automotive engine is a familiar example, as are the diesel engine and the conventional 
gas turbine. In all these engines there is a change in the composition of the working fluid, 
because during combustion it changes from air and fuel to combustion products. For this 
reason, these engines are called internal-combustion engines. I n contrast, the steam power 
plant may be called an external-combustion engine, because heat is transferred from the 
products of combustion to the working fluid. External-combustion engines using a gaseous 
working fluid (usually air) have been built. To date they have had only limited application, 
but use of the gas-turbine cycle in conjunction with a nuclear reactor has been investigated 
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extensively. Other external-combustion engines are currently receiving serious attention in 
an effort to combat air pollution. 

Because the working fluid does not go though a complete thermodynamic cycle in the 
engine (even though the engine operates in a mechanical cycle), the internal-combustion 
engine operates on the so-called open cycle. However, for analyzing internal-combustion 
engines, it is advantageous to devise closed cycles that closely approximate the open 
cycles. One such approach is the air-standard cycle, which is based on the following 
assumptions: 

1. A fixed mass of air is the working fluid throughout the entire cycle, and the air is 
always an ideal gas. Thus, there is no inlet process or exhaust process. 

2 . The combustion process is replaced by a process transferring heat from an external 
source. 

3 . The cycle is completed by heat transfer to the surroundings (in contrast to the exhaust 
and intake process of an actual engine). 

4 . All processes are internally reversible. 

5 . An additional assumption is often made that air has a constant specific heat, evaluated 
at 300 K, called cold air properties, recognizing that this is not the most accurate 
model. 

The principal value of the air-standard cycle is to enable us to examine qualitatively 
the influence of a number of variables on performance. The quantitative results obtained 
from the air-standard cycle, such as efficiency and mean effective pressure, will differ from 
those of the actual engine. Our emphasis, therefore, in our consideration of the air-standard 
cycle will be primarily on the qualitative aspects. 

The term mean effective pressure, which is used in conjunction with reciprocating 
engines, is defined as the pressure that, if it acted on the piston during the entire power 
stroke, would do an amount of work equal to that actually done on the piston. The work 
for one cycle is found by multiplying this mean effective pressure by the area of the pis- 
ton (minus the area of the rod on the crank end of a double-acting engine) and by the 
stroke. 


12.2 


THE BRAYTON CYCLE 


in discussing idealized four-steady-state-process power cycles in Section 11.1, a cycle 
involving two constant-pressure and two isentropic processes was examined, and the results 
were shown in Fig. 11.2. This cycle used with a condensing working fluid is the Rankine 
cycle, but when used with a single-phase, gaseous working fluid it is termed the Brayton 
cycl e. The air-standard Brayton cycleistheideal cycle for the si mpl e gas turbi ne. T he si mple 
open-cycle gas turbine utilizing an internal-combustion process and the simple closed- 
cycle gas turbine, which utilizes heat-transfer processes, are both shown schematically 
in Fig. 12.1. The air-standard Brayton cycle is shown on the P-v and T-s diagrams of 
Fig. 12.2. 

The efficiency of the air-standard Brayton cycle is found as follows: 


Ol C p (T 4 — Ti) Tid^! -1) 

Oh C p ( 7 3 - 7 2 ) 7 2 (7 3 /7 2 -l) 
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FIGURE 12.1 A gas 

turbine operating on the 
Brayton cycle, (a) Open 
cycle, (b) Closed cycle. 




(a) 


(b) 


We note, however, that 

P 1= P ± 

P 4 Pi 

P 2 _ /T 2 \ k/ik ~ 1] _ P 3 _ (h\ k ^ 

p7 _ w - p; - Vw 


t_3 
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T _2 h 
Ti"T 2 




u 

T i 


1 


'7th 


1- 


Il = l 1 

Ti (P 2 /Pif- 1)/k 


( 12 . 1 ) 


The efficiency of theai r-standard B rayton cycl e i s therefore a function of the i sentropi c 
pressure ratio. The fact that efficiency increases with pressure ratio is evident from the T-s 
diagram of Fig. 12.2 because increasing the pressure ratio changes the cycle from 1-2-3- 
4-1 to l-2'-3'-4-l. The latter cycle has a greater heat supply and the same heat rejected 
as the original cycle; therefore, it has greater efficiency. Note that the latter cycle has a 
higher maximum temperature, T y, than the original cycle, T 3 . in the actual gas turbine, the 
maximum temperature of the gas entering the turbine is fixed by material considerations. 


FIGURE 12.2 The 

air-standard Brayton 
cycle. 
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Therefore, if we fix the temperature T 3 and increase the pressure ratio, the resulting cycle 
is l-2'-3"-4"-l. This cycle would have a higher efficiency than the original cycle, but the 
work per kilogram of working fluid is thereby changed. 

With the advent of nuclear reactors, the closed-cycle gas turbine has become more 
important. Heat is transferred, either directly or via a second fluid, from the fuel in the 
nuclear reactor to the working fluid in the gas turbine. Heat is rejected from the working 
fluid to the surroundings. 

The actual gas-turbine engine differs from the ideal cycle primarily because of irre- 
versibilitiesinthecompressor and turbine, and becauseof pressure drop in the flow passages 
and combustion chamber (or in the heat exchanger of a closed-cycle turbine). Thus, the state 
points in a simple open-cycle gas turbine might be as shown in Fig. 12.3. 

The efficiencies of the compressor and turbine are defined in relation to isentropic 
processes. With the states designated as in Fig. 12.3, the definitions of compressor and 
turbine efficiencies are 


*7comp — 



% jrb — 


h 3 — ^4 
h 3 -h 4s 


( 12 . 2 ) 

(12.3) 


Another important feature of the Brayton cycle is the large amount of compressor 
work (also called back work) compared to turbine work. Thus, the compressor might require 
40 to 80% of the output of the turbine. This is particularly important when the actual cycle 
is considered because the effect of the losses is to require a larger amount of compression 
work from a smaller amount of turbine work. Thus, the overall efficiency drops very rapidly 
with a decrease in the efficiencies of the compressor and turbine. In fact, if these efficiencies 
drop below about 60%, all the work of the turbine will be required to drive the compressor, 
and the overall efficiency will be zero. This is in sharp contrast to the Rankine cycle, where 
only 1 or 2% of the turbine work is required to drive the pump. This demonstrates the 
inherent advantage of the cycle utilizing a condensing working fluid, such that a much 
larger difference in specific volume between the expansion and compression processes is 
utilized effectively. 


T 



FIGURE 12.3 Effect 

of inefficiencies on the 

gas-turbine cycle. s 
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EXAMPLE 12.1 


In an air-standard Brayton cycle the air enters the compressor at 0.1 M Pa and 15°C. The 
pressure leaving the compressor is 1.0 M Pa, and the maximum temperature in the cycle 
is 1100°C. Determine 

1 . The pressure and temperature at each point in the cycle. 

2. The compressor work, turbine work, and cycle efficiency. 

Foreach control volume analyzed, the model is ideal gas with constant specific heat, 
at 300 K , and each process is steady state with no kinetic or potential energy changes. The 
diagram for this example is Fig. 12.2. 

We consider the compressor, the turbine, and the high-temperature and low- 
temperature heat exchangers in turn. 

Control volume: Compressor. 

Inlet state: Pi,Ti known; statefixed. 

Exit state: P 2 known. 

Analysis 

Energy Eq.: w c = h 2 -hi 

(Note that the compressor work i/i/ c is here defined as work input to the compressor.) 

T 2 fP 2 \ {k ~ 1)/k 

Entropy Eq.: s 2 = Si ^ 

Solution 

Solving forT 2 , we get 

/ p, \ (k-l)/k 

T 2 = Ti(pM = 288.2 xl0°' 286 = 5 5 6.8 K 

Therefore, 


w c = h 2 - hi = C P (T 2 - T 1 ) 

= 1.004(556.8 - 288.2) = 269.5 kj /kg 

Consider the turbine next. 

Control volume: Turbine. 

Inlet state: P 2 ( = P 2 ) known, T 3 known, statefixed. 
Exit state: P 4 ( = Pi) known. 


Analysis 


Energy Eq.: i/i/ f = /13 - fi 4 


s 3 = s 4 


h 

T 4 



Entropy Eq.: 


(k-l)/k 
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EXAMPLE 12.2 


Solution 

Solving forT 4; we get 

T 4 = T 3 (P 4 /P 3 f~ 1)/k = 1373.2 x O.l 0286 = 710.8 K 

Therefore, 

m = h 3 -h 4 = C p {T 3 -T 4 ) 

= 1.004(1373.2 - 710.8) = 664.7 kj /kg 
w net = w t -w c = 664.7 - 269.5 = 395.2 kj /kg 
N ow we turn to the heat exchangers. 

Control volume : High-temperature heat exchanger. 

Inlet state : State 2 fixed (as given). 

Exit state: State 3 fixed (as given). 

Analysis 

Energy Eq.: q H =h 3 - h 2 =C P (T 3 - T 2 ) 

Solution 

Substitution gives 

q H =h 3 -h 2 = C P (T 3 - T 2 ) = 1.004(1373.2 - 556.8) = 819.3 kj /kg 


Control volume: Low -temperature heat exchanger. 

Inlet state: State 4 fixed (above). 

Exit state: State 1 fixed (above). 

Analysis 

EnergyEq.: q L = h 4 - hi =C P [T 4 - Ti) 

Solution 


U pon substitution we have 

q L =h 4 — h 1 = C P (T 4 - Ti) = 1.004(710.8 - 288.2) = 424.1 kj/kg 
Therefore, 


nth 


= 48.2% 


1/1/ net _ 395.2 
~g7 = 819.3 
This may be checked by using Eq. 12.1. 

1 . 1 


nth = 1 - 


(P 2 /P i) {k ~ 1]/k 


= 1 - 


10 


0.286 


= 48.2% 


Consider a gas turbine with air entering the compressor under the same conditions as in 
Example 12.1 and leaving at a pressure of 1.0 M Pa. The maxi mum temperature is 1100°C. 
Assume a compressor efficiency of 80%, a turbine efficiency of 85%, and a pressure drop 
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between the compressor and turbine of 15 kPa. Determine the compressor work, turbine 
work, and cycle efficiency. 

As in the previous example, for each control volume the model is ideal gas with 
constant specific heat, at 300 K , and each process is steady state with no kinetic or potential 
energy changes. In this example the diagram is Fig. 12.3. 

We consider the compressor, the turbine and thehigh-tempeature heat exchanger in 

turn. 

Control volume: Compressor. 

Inlet state: P i, T i known; state fixed. 

Exit state: P 2 known. 


Analysis 


Energy Eq. real process: w c = h 2 -hi 
Entropy Eq. ideal process: s 2 


i/i/ c = h 2 - hi 



In addition, 


h 2 S - h 1 _ r 2s 7"i 


Solution 

Solving for T 2s , we get 



The efficiency is 



Therefore, 



= 335.8, T 2 = 624.0 K 


Wc = h 2 -h 1 = C P [T 2 - T 1 ) 


= 1.004(624.0 - 288.2) = 337.0 kj /kg 


Control volume: Turbine. 

Inlet state: P 3 (P 2 - drop) known, T 3 known; state fixed. 
Exit state: P 4 known. 


Analysis 


Energy Eq. real process: i/i/ c = fi 3 - h 4 

T 3 

Entropy Eq. ideal process: s 4s = S 3 =>■ = 

1 4 S 



h 3 - h 4 _ T 3 - T 4 

f)3-/i 4s r 3 - r 4s 


In addition, 
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Solution 

Substituting numerical values, we obtain 


P 3 


^y-D/k 


m 


P 2 - pressure drop = 1.0 - 0.015 = 0.985 M Pa 
= 9.85 0 ' 286 = 1.92 36, T 4s = 713.9 K 

' 4 S 

hs-^ = h-U = Q85 
^3 b 4 S T 3 - T 4s 


r 3 - r 4 = 0.85(1373.2 - 713.9) = 560.4 K 
T 4 = 812.8 K 

= h 3 - h 4 =C P (T 3 -T 4 ) 

= 1.004(1373.2 - 812.8) = 562.4 kj/kg 
1 / 1 / n et = w t -w c = 562.4 - 337.0 = 225.4 kj/kg 
Finally, for the heat exchanger: 


Control volume-. 
Inlet state: 
Exit state: 

Analysis 


H igh-temperature heat exchanger. 
State 2 fixed (as given). 

State 3 fixed (as given). 

Energy Eg.: q H =h 3 -h 2 


Solution 

Substituting, we have 


so that 


Qh = I 13 - h 2 = C P (T 3 - T 2 ) 

= 1.004(1373.2 - 624.0) = 751.8 kj/kg 


*7th = 


1/1/ net 

Qh 


225.4 

751.8 


30.0% 


The following comparisons can be made between Examples 12.1 and 12.2. 



w c 

w t 

Whet 

q H 

f?th 

Example 12.1 (Ideal) 

269.5 

664.7 

395.2 

819.3 

48.2 

Example 12.2 (Actual) 

337.0 

562.4 

225.4 

751.8 

30.0 


As stated previously, the irreversibilities decrease the turbine work and increase the 
compressor work. Since the net work is the difference between these two, it decreases 
very rapidly as compressor and turbine efficiencies decrease. The development of highly 
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efficient compressors and turbines is therefore an important aspect of the development of 
gas turbines. 

Note that in the ideal cycle (Example 12.1), about 41% of the turbine work is required 
to drive the compressor and 59% is delivered as net work. I n the actual turbine (Example 
12.2), 60% of the turbine work is required to drive the compressor and 40% is delivered as 
net work. Thus, if the net power of this unit is to be 10 000 kW, a 25 000-kW turbine and a 
15 000-kW compressor are required. This result demonstrates that a gas turbine has a high 
back-work ratio. 


12.3 


THE SIMPLE GAS-TURBINE CYCLE 
WITH A REGENERATOR 


The efficiency of the gas-turbine cycle may be improved by introducing a regenerator. 
The simple open-cycle gas-turbine cycle with a regenerator is shown in Fig. 12.4, and the 
corresponding ideal air-standard cycle with a regenerator is shown on the P-v and T-s 
diagrams. In cycle 1- 2-x- 3-4-y- 1, the temperature of the exhaust gas leaving the turbine 
in state 4 is higher than the temperature of the gas leaving the compressor. Therefore, heat 
can be transferred from the exhaust gases to the high-pressure gases leaving the compressor. 
If this is done in a counterflow heat exchanger (a regenerator), the temperature of the high- 
pressure gas leaving the regenerator, T x , may, in the ideal case, have a temperature equal to 
T 4 , the temperature of the gas leaving the turbine. Heat transfer from the external source is 
necessary only to increase the temperature from T x to T 3 . Area x-3-d-b-x represents the 
heat transferred, and area y- 1-a-c-y represents the heat rejected. 

The influence of pressure ratio on the simple gas-turbine cycle with a regenerator is 
shown by considering cycle 1-2'- 3'- 4-1. In this cycle the temperature of the exhaust gas 
leaving the turbine is just equal to the temperature of the gas leaving the compressor; there- 
fore, utilizing a regenerator is not possible. This can be shown more exactly by determining 
the efficiency of the ideal gas-turbine cycle with a regenerator. 



p 


2 


x 3 




FIGURE 12.4 The 

ideal regenerative cycle. 
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The efficiency of thiscyclewith regeneration isfound asfollows, where the states are 
as given in Fig. 12.4. 


M/net 



l/l/ t - l/l/ c 

Qh 


Qh = Cp{Ti - T x ) 


Wt = C P (T 3 - T 4) 


Butforan ideal regenerator, T 4 =T X , and therefore q H -w t . Consequently, 


w/ c ^ Cp(T 2 — Ti) 

Wt C P (T3-T 4 ) 

Ti(T 2 /T 1 - 1 ) T l [[P 1 /P l ) [k ~ l] l k - 1 ] 
r 3 (i - T4/T3) t 3 [i - ( Pi/p 2 ) (fc ~ 1)/fc ] 



/p.y^ 



Thus, for the ideal cycle with regeneration, the thermal efficiency depends not only 
on the pressure ratio but also on the ratio of the minimum to the maximum temperature. 
We note that, in contrast to the Brayton cycle, the efficiency decreases with an increase in 
pressure ratio. 

The effectiveness or efficiency of a regenerator is given by the regenerator efficiency, 
which can best be defined by reference to Fig. 12.5. State x represents the high-pressure 
gas leaving the regenerator. In the ideal regenerator there would be only an infinitesimal 
temperature difference between the two streams, and the high-pressure gas would leave the 
regenerator at temperature T x , and T x = T 4 . 1 n an actual regenerator, which must operate 
with a finite temperature difference T x , the actual temperature leaving the regenerator is 
therefore less than T x . The : -generator efficiency is defined by 





T-s diagram illustrating the definition of regenerator efficiency. 
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If the specific heat is assumed to be constant, the regenerator efficiency is also given by the 
relation 


T x -T 2 
“ t; - h 


A higher efficiency can be achieved by using a regenerator with a greater heat-transfer 
area. However, this also increases the pressure drop, which represents a loss, and both the 
pressure drop and the regenerator efficiency must be considered in determining which 
regenerator gives maximum thermal efficiency for the cycle. From an economic point of 
view, the cost of the regenerator must be weighed against the savings that can be effected 
by its use. 


EXAMP If an ideal regenerator is incorporated into the cycle of Example 12.1, determine the 

thermal efficiency of the cycle. 

The diagram for this example is Fig. 12.5. Values are from Example 12.1. Therefore, 
for the analysis of the high-temperature heat exchanger (combustion chamber), from the 
first law, we have 

Qh =h 3 -h x 

so that the solution is 


T X = T 4 = 710.8 K 


q H = h 3 -h x = C P (T 3 - T x ) = 1.004(1373.2 - 710.8) = 664.7 kj/kg 


w/net = 395.2 kj/kg (from Example 12.1) 


Vth 


395.2 

664.7 


59.5% 


12.4 


GAS-TURBINE POWER CYCLE CONFIGURATIONS 


The Brayton cycle, being the idealized model for the gas-turbine power plant, has a re- 
versible, adiabatic compressor and a reversible, adiabatic turbine. In the following ex- 
ample, we consider the effect of replacing these components with reversible, isothermal 
processes. 


An air-standard power cycle has the same states given in Example 12.1. in this cycle, 
however, the compressor and turbine are both reversible, isothermal processes. Calcu- 
late the compressor work and the turbine work, and compare the results with those of 
Example 12.1. 

Control volumes: Compressor, turbine. 
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Analysis 

For each reversible, isothermal process, from Eq. 9.19: 


— / 


v dP = -Pi Vj In y- = -RTi In y- 


Solution 

For the compressor, 

w = -0.287 x 288.2 x In 10 = -190.5 kj/kg 

compared with -269.5 kj/kg in the adiabatic compressor. 

For the turbine, 

w = -0.287 x 1373.2 x In 0.1 = +907.5 kj/kg 
compared with +664.7 kj/kg in the adiabatic turbine. 


it is found that the isothermal process would be preferable to the adiabatic process 
in both the compressor and turbine. The resulting cycle, called the iricsson cycle, consists 
of two reversible, constant-pressure processes and two reversible, constant-temperature 
processes. The reason the actual gas turbine does not attempt to emulate this cycle rather 
than the Brayton cycle is that the compressor and turbine processes are both high-flow-rate 
processes involving work-related devices in which it is not practical to attempt to transfer 
large quantities of heat. As a consequence, the processes tend to be essentially adiabatic, so 
that this becomes the process in the model cycle. 

There is a modification of the Brayton/gas turbine cycle that tends to change its 
performance in the direction of the Ericsson cycle. This modification is to use nulti pie 
stages of compression with intercooling and multi pie stages of expansion with reheat. Such 
a cycle with two stages of compression and expansion, and also incorporating a regenerator, 
is shown in Fig. 12.6. The air-standard cycle is given on the corresponding T -s diagram, 
it may be shown that for this cycle the maximum efficiency is obtained if equal pressure 
ratios are maintained across the two compressors and the two turbines. In this ideal cycle, 
it is assumed that the temperature of the air leaving the intercooler, T 3 , is equal to the 
temperature of the air entering the first stage of compression, T 1 and that the temperature 
after reheating, Tg, is equal to the temperature entering the first turbine, T 6 . Furthermore, 
in the ideal cycle it is assumed that the temperature of the high-pressure air leaving the 
regenerator, T 5 , is equal to the temperature of the low-pressure air leaving the turbine, T 9 . 

If a large number of compression and expansion stages are used, it is evident that 
the Ericsson cycle is approached. This is shown in Fig. 12.7. In practice, the economical 
limit to the number of stages is usually two or three. The turbine and compressor losses 
and pressure drops that have already been discussed would be involved in any actual unit 
employing this cycle. 

T he turbi nes and compressors usi ng this cycle can be uti I ized i n a vari ety of ways. Two 
possible arrangements for closed cycles are shown in Fig. 12.8. One advantage frequently 
sought in a given arrangement is ease of control of the unit under various loads. Detailed 
discussion of this point, however, is beyond the scope of this book. 
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FIGURE 12.6 The ideal gas-turbine cycle utilizing intercooling, reheat, and a regenerator. 
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FIGURE 12.7 T-s diagram that shows how the gas-turbine cycle with many stages 
approaches the Ericsson cycle. 
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FIGURE 12.8 Some 
arrangements of 
components that may be 
utilized in stationary 
gas-turbine power 
plants. 




12.5 


THE AIR-STANDARD CYCLE FOR 
JET PROPULSION 


The next air-standard power cycle we consider is utilized in et propulsion. In this cycle, the 
work done by the turbine is just sufficient to drive the compressor. The gases are expanded 
in the turbine to a pressure for which the turbine work isjust equal to the compressor work. 
The exhaust pressure of the turbine will then be greater than that of the surroundings, and 
the gas can be expanded in a nozzle to the pressure of the surroundings. Since the gases 
leave at a high velocity, the change in momentum that the gases undergo gives a thrust to 
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FIGURE 12.9 The 

ideal gas-turbine cycle 
for a jet engine. 


EXAMPLE 12.5 






(b) 


the aircraft in which the engine is installed. A jet engine was shown in Fig. 1.11, and the 
air-standard cycle for this situation is shown in Fig. 12.9. The principles governing this 
cycle follow from the analysis of the Brayton cycle plus that for a reversible, adiabatic 
nozzle. 


Consider an ideal jet propulsion cycle in which air enters the compressor at 0.1 M Pa and 
15°C. The pressure leaving the compressor is 1.0 M Pa, and the maximum temperature 
is 1100°C. The air expands in the turbine to a pressure at which the turbine work is just 
equal to the compressor work. On leaving the turbine, the air expands in a nozzle to 
0.1 M Pa. The process is reversible and adiabatic. Determine the velocity of the air leaving 
the nozzle. 
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The model used is ideal gas with constant specific heat, at 300 K , and each process 
is steady state with no potential energy change. The only kinetic energy change occurs in 
the nozzle. The diagram is shown in Fig. 12.9. 

The compressor analysis is the same as in Example 12.1. From the results of that 
solution, we have 

Pi = 0.1 MPa, Ti = 288.2 K 

P 2 = 1.0 M Pa, T 2 = 556.8 K 

i/i/ c = 269.5 kj/kg 

The turbine analysis is also the same as in Example 12.1. FI ere, however, 

P 3 = 1.0 M Pa, T 3 = 1373.2 K 
w c = w t = C P (T 3 - T 4 ) = 269.5 kj /kg 
269.5 

T 3 -T 4 = — = 268.6 K , T 4 = 1104.6 K 

so that 

P 4 = Pb x (T 4 /T 3 ) fc/(fc— 11 

= 1.0 M Pa (1104. 6/1373. 2) 35 = 0.4668 M Pa 

Control volume: Nozzle. 

Inlet state: State 4 fixed (above). 

Exit state: P 5 known. 

Analysis 

V 2 

Energy Eq.: fi 4 = h 5 + 

Entropy Eq.: s 4 = s 5 =x T 5 = T 4 (P 5 /P 4 ) (,c_1)/Ar 

Solution 

Since P 5 is 0.1 M Pa, from the second law we find that 7 5 = 710.8 K . Then 
V 2 = 2C p 0 (T 4 -T 5 ) 

= 2 x 1000 x 1.004(1104.6 - 710.8) 

V 5 = 889 m/s 


In-Text Concept Questions 

a. The B rayton cycle has the same four processes as the Rankine cycle, but the T -s and 
P-v diagrams look very different; why is that? 

b. Is it always possible to add a regenerator to the B rayton cycle? W hat happens when 
the pressure ratio is increased? 

c. Why would you use an intercooler between compressor stages? 

d. The jet engine does not produce shaft work; how is power produced? 
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12.6 


THE AIR-STANDARD REFRIGERATION CYCLE 


If we consider the original ideal four-process refrigeration cycle of Fig. 12.10 with a non- 
condensing (gaseous) working fluid, then the work output during the isentropic expansion 
process is not negligibly small, as was the case with a condensing working fluid. Therefore, 
we retain the turbine in the four-steady-state-process ideal air-standard refrigeration cycle 
shown in Fig. 12.10. This cycle is seen to be the reverse Brayton cycle, and it is used in 
practice in the liquefaction of air (see Fig. 11.24 forthe Linde-Flampson system) and other 
gases and also in certain special situations that require refrigeration, such as aircraft cooling 
systems. After compression from states 1 to 2, the air is cooled as heat is transferred to the 
surroundings at temperature T 0 . The air is then expanded in process 3-4 to the pressure 
entering the compressor, and the temperature drops to T 4 in the expander. FI eat may then 
be transferred to the air until temperatureTi. is reached. The work for thiscycleis represented 
by area 1-2-3-4- 1, and the refrigeration effect is represented by area 4-l-b-a-4. The 
coefficient of performance (COP) is the ratio of these two areas. 

The COP of the air-standard refrigeration cycle involves the net work between the 
compressor and expander work terms, and it becomes 


Ql _ Ql _ hi — ^ Cp(Ti-Ti) 

w net i/i/c-We hi - hi — (/t 3 — hi) Cp {T2 - Ti) - Cp (T3 - Ti) 


Using a constant specific heat to evaluate the differences in enthalpies and writing the power 
relations for the two isentropic processes, we get 


and 


p 2 _ /f 2 \ */(*-« _ p 3 _ /T 3 \ k/{k ~ 1] 


Ti-Ti 1 1 

Ti — Ti — T 3 + Ti h 1 -T 3 /T 2 _ Ti 
hl-Ti/T, Ti 


(12.5) 


FIGURE 12.10 The 

air-standard refrigeration 
cycle. 
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FIGURE 12.12 The 

air-refrigeration cycle 
utilizing a heat 
exchanger. 




Here we used r 3 /T 2 = T 4 /T i with the pressure ratio r p = P 2 /P 1 , and we have a result 
similar to that of the other cycles. The refrigeration cycle is a Brayton cycle with the flow 
in the reverse direction giving the same relations between the properties. 

In practice, this cycle has been used to cool aircraft in an open cycle; a simplified 
form is shown in Fig. 12.11. U pon leaving the expander, the cool air is blown directly into 
the cabin, thus providing the cooling effect where needed. 

When counterflow heat exchangers are incorporated, very low temperatures can be 
obtained. This is essentially the cycle used in low-pressure air liquefaction plants and in 
other liquefaction devices such as the Collins helium liquefier. The ideal cycle is as shown 
in Fig. 12.12. Because the expander operates at very low temperature, the designer is faced 
with unique problems in providing lubrication and choosing materials. 


EXAMPLE 12.6 Consider the simple air-standard refrigeration cycle of Fig. 12.10. Air enters the com- 
pressor at 0.1 M Pa and -20°C and leaves at 0.5 M Pa. Air enters the expander at 15°C. 
Determine 

1. The COP for this cycle. 

2. The rate at which air must enter the compressor to provide 1 kW of refrigeration. 
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For each control volume in this exam pie, the model is ideal gas with constant specific heat, 
at 300 K , and each process is steady state with no kinetic or potential energy changes. The 
diagram for this example is Fig. 12.10, and the overall cycle was considered, resulting in 
a COP in Eq. 12.5 with r p = P 2 /Pi = 5. 

n -i 
' p 


= [r { p~ 1)/k - 1 ]' 


Control volume: 
Inlet state: 
Exit state: 

Analysis 


= [5 0 - 286 - lr 1 = i.7ii 
Expander. 

P 3 (= p 2 ) known, T 3 , known; state fixed. 
P 4 (= Pi) known. 


Energy Eq.: 
Entropy Eq.: 


i/i/t = /t 3 - h 4 

h 

s 3 = s 4 =>■ — = 

<4 


(fc-l )/k 


Solution 

Therefore, 


h 

t 4 ' 

Control volume : 
Inlet state: 
Exit state: 


(k-l)/k 


— 5' 


0.286 


= 1.5845, T 4 = 181.9 K 


Low-temperature heat exchanger. 
State 4 known (as given). 

State 1 known (as given). 


Analysis 

Energy Eq.: q L =h 1 -h 4 

Solution 

Substituting, we obtain 

q L = hi - h 4 = C p (Ti - T 4 ) = 1.004(253.2 - 181.9) = 71.6 kj/kg 
To provide 1 kW of refrigeration capacity, we have 

Q l 1 kW 


m = 


cj/. 71.6 kj/kg 


= 0.014 kg/s 


12.7 


RECIPROCATING ENGINE POWER CYCLES 


In Section 11.1, we discussed power cycles incorporating either steady-state processes or 
piston/cylinder boundary work processes. In that section, it was noted that for the steady- 
state process, there is no work in a constant-pressure process. Each of the steady-state power 
cy cl es presented i n subsequent secti ons of that chapter and to thi s poi nt i n the present chapter 
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incorporated two constant-pressure heat transfer processes. It should now be noted that in a 
boundary-work process, / P dv, there is no work in a constant-volume process. In the next 
four sections, we will present ideal air-standard power cycles for piston/cylinder boundary- 
work processes, each example of which includes either one or two constant-volume heat 
transfer processes. 

Before we describe the reciprocating enginecycles, wewantto presentafew common 
definitions and terms. Car engines typically have four, six, or eight cylinders, each with a 
diameter cal led bore B. The piston is connected to a crankshaft, as shown in Fig. 12.13, and 
as it rotates, changing the crank angle, 9, the piston moves up or down with a stroke. 

S = 2 R cran k (12.6) 

This gives a displacement for all cylinders as 

^displ — Wcyl()/max — l/ m j n ) = A/ C y|/4 C y [S (12.7) 

which is the main characterization of the engine size. The ratio of the largest to the smallest 
volume is the compression ratio 


r v — CR — l/ m ax/l/min (12.8) 

and both of these characteristics are fixed with the engine geometry. The net specific work 
in a complete cycle is used to define a mean effective pressure 

W net — (p P dv = P meff(Vmax — '/min) (12.9) 


FIGURE 12.13 The 

piston/cylinder 
configuration for an 
internal combustion 
engine. 


Spark plug 
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or network per cylinder per cycle 

1/1/ net = mw net = Pmeff(^max - (/min) (12.10) 

We now use this to find the rate of work (power) for the whole engine as 

RPM RPM 

1/1/ = N C yi /W 1/1/ ne t = P meffi/displ , A (12.11) 

60 60 

where RPM is revolutions per minute. This result should be corrected with a factor | for a 
four-stroke engine, where two revolutions are needed for a complete cycle to also accomplish 
the intake and exhaust strokes. 

M ost engines are four-stroke engines where the foil owing processes occur; the piston 
motion and crank position refer to Fig. 12.13. 


Process, Piston Motion 

I ntake, 1 S 
Compression, 1 S 
Ignition and combustion 
Expansion, 1 S 
Exhaust, 1 S 


Crank Position, Crank Angle 

TDC to BDC, 0-180 deg. 

BDC to TDC, 180-360 deg. 
fast ~ TDC, 360 deg. 

TDC to BDC, 360-540 deg. 
BDC to TDC, 540-720 deg. 


Property Variation 

P « C ,V <?, flow in 
V\,P *,T ^,Q = 0 
1/ = C , 0 in, P T 
1/ P \T \Q - 0 
P « C , V \ flow out 


Notice how the intake and the exhaust process each takes one whole stroke of the 
piston, so two revolutions with four strokes are needed for the complete cycle, in a two- 
stroke engine, the exhaust flow starts before the expansion is completed and the intake flow 
overlaps in time with part of the exhaust flow and continues into the compression stroke. 
This reduces the effective compression and expansion processes, but there is power output 
in every revolution and the total power is nearly twice the power of the same-sizefour-stroke 
engine. Two-stroke engines are used as large diesel engines in ships and as small gasoline 
engines for lawnmowers and handheld power tools like weed cutters. Because of potential 
cross-flow from the intake flow (with fuel) to the exhaust port, the two-stroke gasoline 
engine has seen reduced use and it cannot conform to modern low-emission requirements. 
For instance, most outboard motors that were formerly two-stroke engines are now made 
as four-stroke engines. 

The largest engines are diesel engines used in both stationary applications as primary 
or backup power generators and in moving applications for the transportation industry, as 
in locomotives and ships. An ordinary steam power plant cannot start by itself and thus 
could have a diesel engine to power its instrumentation and control systems, and so on, to 
make a cold start. A remote location on land or a drilling platform at sea also would use 
a diesel engine as a power source. Trucks and buses use diesel engines due to their high 
efficiency and durability; they rangefrom a few hundred to perhaps 500 hp. Ships usediesel 
engines running at 100-180 RPM , so they do not need a gearbox to the propeller (these 
engines can even reverse and run backward without a gearbox!). The world’s biggest engine 
is a two-stroke diesel engine with 25 m 3 displacement volume and 14 cylinders, giving a 
maximum of 105 000 hp, used in a modern container ship. 


12.8 


THE OTTO CYCLE 


The air-standard Otto cycle is an ideal cycle that approximates a spark-ignition internal- 
combustion engine. This cycle is shown on theP-vand T -s diagrams of Fig. 12.14. Process 
1-2 is an isentropic compression of the air as the piston moves from bottom dead center 
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FIGURE 1 2. 14 The 

air-standard Otto cycle. 




(B DC) to top dead center (T DC). Heat is then added at constant volume while the piston is 
momentarily at rest at T DC. (This process corresponds to the ignition of thefuel -air mixture 
by the spark and the subsequent burning in the actual engine.) Process 3-4 is an isentropic 
expansion, and process 4-1 is the rejection of heat from the air while the piston is at B DC. 

The thermal efficiency of this cycle is found as follows, assuming constant specific 
heat of air: 


'7th 


We note further that 


Therefore, 


and 


where 


Oh -Oi 


= 1 


= 1 - 


Oh 

T 1(74/7! - 1) 
T 2 (T 3 /T 2 - 1) 


9± 

Oh 


= 1 


mC v (U-T i) 
mC v (T 3 -T 2 ) 


h = fvi 

Ti U 2 


k - 1 


V, V- 1 t 3 


t 4 


V 3 


73 = T 4 
7 2 7i 


w - 1 - ^ - 1 - (rv ) 1 k - l - jnn 


1/1 V, 

r v = compression ratio = — = — 
l / 2 l / 3 


( 12 . 12 ) 


1 1 is i mportantto note that the effici ency of the ai r-standard Otto cycleisafunctiononly of the 
compression ratio and that the efficiency is increased by increasing the compression ratio. 
Figure 12.15 shows a plot of the air-standard cycle thermal efficiency versus compression 
ratio. It is also true that the efficiency of an actual spark-ignition engine can be increased by 
increasing the compression ratio. The trend toward higher compression ratios is prompted 
by the effort to obtain higher thermal efficiency, inthe actual engine, there isan increased 
tendency for the fuel to detonate as the compression ratio is increased. After detonation the 
fuel burns rapidly, and strong pressure waves present in the engine cylinder give rise to the 
so-called spark knock. Therefore, the maximum compression ratio that can be used is fixed 
by the fact that detonation must be avoided. Advances over the years in compression ratios 
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FIGURE 12.15 

Thermal efficiency of the 
Otto cycle as a function 
of compression ratio. 
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in actual engines were originally made possible by developing fuels with better antiknock 
characteristics, primarily through the addition of tetraethyl lead. M ore recently, however, 
nonleaded gasolines with good antiknock characteristics have been developed in an effort 
to reduce atmospheric contamination. 

Some of the most important ways in which the actual open-cycle spark- ignition engine 
deviates from the air-standard cycle are as follows: 

1. The specific heats of the actual gases increase with an increase in temperature. 

2 . The combustion process replaces the heat-transfer process at high temperature, and 
combustion may be incomplete. 

3 . Each mechanical cycle of the engine involves an inlet and an exhaust process and, 
because of the pressure drop through the valves, a certain amount of work is required 
to charge the cylinder with air and exhaust the products of combustion. 

4 . There is considerable heat transfer between the gases in the cylinder and the cylinder 
walls. 

5 . There are irreversibilities associated with pressure and temperature gradients. 


EXAMPI The compression ratio in an air-standard Otto cycle is 10. At the beginning of the com- 

pression stoke, the pressure is 0.1 M Pa and the temperature is 15°C. The heat transfer to 
the air per cycle is 1800 kj/kg air. Determine 

1. The pressure and temperature at the end of each process of the cycle. 

2 . The thermal efficiency. 

3 . The mean effective pressure. 

Control mass: Air inside cylinder. 

Diagram: Fig. 12.14. 

State information: Pi = 0.1 MPa, T 1 = 288.2 K. 

Process information: Four processes known (Fig. 12.14). Also, r v = 10 and 

q H = 1800 kj/kg. 

Ideal gas, constant specific heat, value at 300 K . 


Model: 
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Analysis 

The second law for compression process 1-2 is 

Entropy Eq.: S 2 = Si 


T 2 

h 



Pi 

Pi 



k 


The first law for heat addition process 2-3 is 

Qh = 2 Q 3 = U 3 - u 2 = C V (T 3 - T 2 ) 
The second law for expansion process 3-4 is 

s 4 = s 3 


so that 


In addition, 


Ts 


V 4 


V3 


k - 1 


P 3 


=r- = and — = - 


1/4 


Wi = 1 — fk-l’ me P = 


V 3 


1/1/ ne t 

V 1 -V 2 


Solution 

Substitution yields the following: 

vi ~- 


0.287 x 288.2 
100 


= 0.827 m 3 /kg 


Ti = hr*- 1 = 288.2 x 10 0 4 = 723.9 K 
P 2 = p ir * = 0.1 x 10 1 ' 4 = 2.512 M Pa 


V 2 = 


' V 

0.827 

IF 


= 0.0827 m 3 /kg 


2 q 3 = C v (T 3 -T 2 ) = 1800 kj/kg 
1800 


T 3 = T 2 + 2 q 3 /C v , T 3 -T 2 = — = 2510 K, T 3 = 3234 K 

T 3 P 3 3 234 _ 4 _ 467j p 3 = 11.222 MPa 


T 2 P 2 723.9 

^ = = 10°- 4 = 2.5119, 

t 4 V. ' 3 / 


P 3 


Va 


T 4 = 1287.5 K 


Pa = 0.4467 MPa 


F = -f = 10 L4 = 25.12, 

P 4 \v 3 ) 

'fth = l-7^T = l-i = °- 602 = 60 - 2 % 


10 
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This can be checked by finding the heat rejected: 


4 <Ji = CAT i - T 4 ) = 0.717(288.2 - 1287.5) = -716.5 kj /kg 
W = 1 - ^ = 0-602 = 60.2% 


w net = 1800 - 716.5 = 1083.5 kj /kg = (Vi - v 2 )mep 


mep 


1033.5 

(0.827 - 0.0827) 


= 1456 kPa 


This is a high value for mean effective pressure, largely because the two constant-volume 
heat-transfer processes keep the total volume change to a minimum (compared with a 
Brayton cycle, for example). Thus, the Otto cycle is a good model to emulate in the 
piston/cylinder internal -combustion engine. At the other extreme, a low mean effective 
pressure means a large piston displacement for a given power output, which in turn means 
high frictional losses in an actual engine. 


12.9 


THE DIESEL CYCLE 


The air-standard diesel cycle is shown in Fig. 12.16. This is the ideal cycle for the diesel 
engine, which is also called the compression ignition engine. 

In this cycle the heat is transferred to the working fluid at constant pressure. This 
process corresponds to the injection and burning of the fuel in the actual engine. Since the 
gas is expanding during the heat addition in the air-standard cycle, the heat transfer must 
be just sufficient to maintain constant pressure. When state 3 is reached, the heat addition 
ceases and the gas undergoes an isentropic expansion, process 3-4, until the piston reaches 
B D C . A s i n the ai r-standard Otto cycl e, a constant-vol ume rejection of heat at B D C replaces 
the exhaust and intake processes of the actual engine. 




FIGURE 12.16 The 

air-standard diesel cycle. 
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The efficiency of the diesel cycle is given by the relation 

, Oi , CAU-T !) , T 1 (T 4 /Ti — 1) , 101 „ 

m = 1 -Q» = 1 “ c,(t 3 - t 2 ) = 1 - *T 2 (r 3 /r 2 - 1) |m3) 

The isentropic compression ratio is greater than the isentropic expansion ratio in the 
diesel cycle. In addition, for a given state before compression and a given compression ratio 
(that is, given states 1 and 2), the cycle efficiency decreases as the maximum temperature 
increases. This is evident from the T-s diagram because the constant- pressure and constant- 
volume lines converge, and increasing the temperature from 3 to 3' requires a large addition 
of heat (area 3-3'-c-b-3) and results in a relatively small increase in work (area 3-3'-4'- 
4-3). 

A number of comparisons may be made between the Otto cycle and the diesel cycle, 
but here we will note only two. Consider Otto cycle 1- 2- 3"- 4- 1 and diesel cycle 1-2-3- 
4-1, which have the same state at the beginning of the compression stroke and the same 
piston displacement and compression ratio. From the T-s diagram we see that the Otto 
cycle has higher efficiency. In practice, however, the diesel engine can operate on a higher 
compression ratio than the spark-ignition engine. The reason is that in the spark-ignition 
engine an air-fuel mixture is compressed, and detonation (spark knock) becomes a serious 
problem if too high a compression ratio is used. This problem does not exist in the diesel 
engine because only air is compressed during the compression stroke. 

Therefore, wemightcomparean Otto cyclewith a diesel cycleand in each case select 
a compression ratio that might be achieved in practice. Such a comparison can be made by 
considering Otto cycle 1-2'- 3-4-1 and diesel cycle 1-2- 3-4-1. The maximum pressure 
and temperature are the same for both cycles, which means that the Otto cycle has a lower 
compression ratio than the diesel cycle. It is evident from the T-s diagram that in this case 
the diesel cycle has the higher efficiency. Thus, the conclusions drawn from a comparison of 
these two cycles must always be related to the basis on which the comparison has been made. 

The actual compression-ignition open cycle differs from the air-standard diesel cycle 
in much the same way that the spark-ignition open cycle differs from the air-standard Otto 
cycle. 

EXAMPLE 12.8 

An air-standard diesel cycle has a compression ratio of 20, and the heat transferred to the 
working fluid per cycle is 1800 kj/kg. At the beginning of the compression process, the 
pressure is 0.1 M Pa and the temperature is 15°C. Determine 

1. The pressure and temperature at each point in the cycle. 

2. The thermal efficiency. 

3. The mean effective pressure. 

Control mass: Air inside cylinder. 

Diagram: Fig. 11.30. 

State information: Pi = 0.1 MPa, Ti = 288.2 K. 

Process information: Four processes known (Fig. 11.30). Also, r v = 20 and 
q H = 1800 kj/kg. 

Model : Ideal gas, constant specific heat, value at 300 K. 


Model : 
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Analysis 

so that 


Entropy Eq. compression: s 2 = Si 


T_2 

Ti 


k- 1 


and ^ = 


The first law for heat addition process 2-3 is 

Qh = 2 Q3 = C P (T 3 - T 2 ) 


Entropy Eq. expansion: s 4 = S 3 


In addition, 


Solution 

Substitution gives 

Vl = 


m 


0.287 x 288.2 


M/ net 

~Qh~’ 


mep = 


h _ 

Wnet 
Vl - V 2 


k - 1 


Vl 20 


100 
Vi 0.827 


T 2 


T 1 


Vi 


V 2 


20 

k - 1 


= 0.827 m 3 /kg 
= 0.04135 m 3 /kg 


-4 = 1^1 = 20 °- 4 = 3.3145 


T 2 = 955.2 K 


^ ) = 20 14 = 66.29, 


P 2 = 6.629 MPa 


Qh = 2 Q 3 = C p (T 3 - T 2 ) — 1800 kj /kg 
1800 


T3~T 2 = 


1.004 
I /3 T 3 2748 


V 2 T 2 955.2 

k - 1 


= 1793 K , T 3 = 2748 K 

= 2.8769, v 3 = 0.118 96 m 3 /kg 


h 

T 4 


0.827 


0.4 


= 2.1719, T 4 = 1265 K 


0.118 96 / 

q L = Aqi = C v (h - T 4 ) = 0.717(288.2 - 1265) = -700.4 kj /kg 

w ne t = 1800 - 700.4 = 1099.6 kj /kg 
M/ net 1099.6 


'7th = 


mep 


,» - 1800 = 6L1% 
1/1/ net 1099.6 


Vi - v 2 0.827 - 0.04135 


= 1400 kPa 
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FIGURE 12. 17 The 

air-standard Stirling 
cycle. 




12.10 


THE STIRLING CYCLE 


Another air-standard power cycle to be discussed is the Stirling cycle, which is shown on 
the P-v and T-s diagrams of Fig. 12.17. Heat is transferred to the working fluid during 
the constant-volume process 2-3 and also during the isothermal expansion process 3-4. 
Heat is rejected during the constant-volume process 4-1 and also during the isothermal 
compression process 1-2. Thus, this cycle is the same as the Otto cycle, with the adiabatic 
processes of that cycle replaced with isothermal processes. Since the Stirling cycle includes 
two constant-volume heat-transfer processes, keeping the total volume change during the 
cycle to a minimum, it is a good candi date for a pi ston/cylinder boundary- work application; 
it should have a high mean effective pressure. 

Sti rl i ng-cycl e engines have been developed in recent years as external combustion 
engines with regeneration. The significance of regeneration is noted from the ideal case 
shown in Fig. 12.17. Note that the heat transfer to the gas between states 2 and 3, area 
2- 3-Jb-a- 2, is exactly equal to the heat transfer from the gas between states 4 and 1, 
area 1-4-d-c- 1. Thus, in the ideal cycle, all external heat supplied Q H takes place in the 
isothermal expansion process 3-4, and all external heat rejection Q L takes place in the 
isothermal compression process 1-2. Since all heat is supplied and rejected isothermally, 
the efficiency of this cycle equals the efficiency of a Carnot cycle operating between the 
same temperatures. The same conclusions would be drawn in the case of an Ericsson cycle, 
which was discussed briefly in Section 12.4, if that cycle were to include a regenerator 
as well. 


12.11 


THE ATKINSON AND MILLER CYCLES 


A cycle slightly different from the Otto cycle, the Atkinson cycle, has been proposed that 
has a higher expansion ratio than the compression ratio and thus can have the heat rejection 
process take place at constant pressure. The higher expansion ratio allows more work to 
be extracted, and this cycle has a higher efficiency than the Otto cycle. It is mechanically 
more complicated to move the piston in such a cycle, so it can be accomplished by keeping 
the intake valves open during part of the compression stroke, giving an actual compression 
less than the nominal one. The four processes are shown in the P-v and T -s diagrams in 
Fig. 12.18. 
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FIGURE 12.18 The 
Atkinson cycle. 



For the compression and expansion processes (s = constant) we get 


T 2 
T i 


k - 1 


U 

r 3 


and — = ( — 


k- 1 


and the heat rejection process gives 
P =C: 


v 4 


T 4 =( — JTi and q L =h^-hi 


The efficiency of the cycle becomes 

Qh -Ql 




Qh 


1 i h 4 -h i 

q H u 3 -u 2 


C p (T 4 — T 4 ) T 4 -T 1 

CAT 3 -T 2 ) T 3 -T 2 (12.14) 


Cal ling the smaller compression rati 0 C R 1 = (V 1 /V 3 ) andtheexpansion rati 0 C R = (v 4 /v 3 ), 
we can express the temperatures as 


T 2 = TiCR k 1 ~ 1 ', 


v 4 


Vl 

and from the relation between T 3 and T 4 we can get 


CR 


T 4 = - T 1 = -prprTi 


CR 1 




Now substitute all the temperatures into Eq. 12.14 to get 

CR 


rj — 1 — k 


CR- 


- 1 


CR k 

cr7 


= 1 -k 


1 


■CRj- 1 


CR - CR 
CR k — CR, 


(12.15) 


(12.16) 


and similarly to the other cycles, only the compression/expansion ratios are important. 

As it can be difficult to ensure that P 4 = Pi in the actual engine, a shorter expansion 
and modification using a supercharger can be approximated with a M iller cycle, which is a 
cycle in between the Otto cycle and the Atkinson cycle shown in Fig. 12.19. This cycle is 
the approximation for the Ford Escape and the Toyota Prius hybrid car engines. 

Due to the extra process in the M iller cycle, the expression for the cycle efficiency 
is slightly more involved than the one shown for the Atkinson cycle. Both of these cycles 
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FIGURE 1 2.1 9 The 
Miller cycle. 



have a higher efficiency than the Otto cycle for the same compression, but because of the 
longer expansion stroke, they tend to produce less power for the same-size engine. In the 
hybrid engine configuration, the peak power for acceleration is provided by an electric motor 
drawing energy from the battery. 

Comment : If we determine state 1 (intake state) compression ratios CR i and CR, we 
have the Atkinson cycle completely determined. That is only a fixed heat release will give 
this cycle. The heat release is a function of the air/fuel mixture, and thus the cycle is not 
a natural outcome of states and processes that are controlled. If the heat release is a little 
higher, then the cycle will be a M iller cycle, that is, the pressure will not have dropped 
enough when the expansion is complete. If the heat release is smaller, then the pressure is 
below P i when the expansion is done and there can be no exhaust flow against the higher 
pressure. From this it is clear that any practical implementation of the Atkinson cycle ends 
up as a Miller cycle. 


In-Text Concept Questions 

e. How is the compression in the Otto cycle different from that in the Brayton cycle? 

f. How many parameters do you need to know to completely describe the Otto cycle? 
How about the diesel cycle? 

g. The exhaust and inlet flow processes are not included in the Otto or diesel cycles. 
H ow do these necessary processes affect the cycle performance? 


12.12 


COMBINED-CYCLE POWER AND 
REFRIGERATION SYSTEMS 


There are many situations in which it is desirable to combine two cycles in series, either 
power systems or refrigeration systems, to take advantage of a very wide temperature range 
or to utilize what would otherwise be waste heat to improve efficiency. One combined power 
cycle, shown in Fig. 12.20 as a simple steam cycle with a liquid metal topping cycle, is 
often referred to as a binary cycle. The advantage of this combined system is that the liquid 
metal has a very low vapor pressure relative to that for water; therefore, it is possible for 
an isothermal boiling process in the liquid metal to take place at a high temperature, much 
higher than the critical temperature of water, but still at a moderate pressure. The liquid 
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Steam superheater 



FIGURE 12.20 Liquid metal-water binary power system. 



metal condenser then provides an isothermal heat source as input to the steam boiler, such 
that the two cycles can be closely matched by proper selection of the cycle variables, with 
the resulting combined cyclethen having a high thermal efficiency. Saturation pressures and 
temperatures for a typical liquid metal -water binary cycle are shown in the T-s diagram of 
Fig. 12.20. 

A different type of combined cycle that has seen considerable attention is to use 
the "waste heat” exhaust from a Brayton cycle gas-turbine engine (or another combustion 
engine such as a diesel engine) as the heat source for a steam or other vapor power cycle, in 
which case the vapor cycle acts asabottoming cycle for the gas engine, in order to improve 
the overall thermal efficiency of thecombined power system. Such a system, utilizing a gas 
turbine and a steam Rankine cycle, is shown in Fig. 12.21. In such a combination, there is a 
natural mismatch using the cooling of a noncondensing gas as the energy source to produce 
an isothermal boiling process plus superheating the vapor, and careful design is required to 
avoid a pinch point, a condition at which the gas has cooled to the vapor boiling temperature 
without having provided sufficient energy to complete the boiling process. 

Oneway to take advantage of the cooling exhaust gas in the Brayton-cycle portion of 
the combined system is to utilize a mixture as the working fluid in the Rankine cycle. An 
example of this type of application is the Kalina cycle, which uses ammonia- water mixtures 
as the working fluid in the Rankine-type cycle. Such a cycle can be made very efficient, 
since the temperature differences between the two fluid streams can be controlled through 
careful design of the combined system. 

Combined cycles are used in refrigeration systems in cases where there is a very 
large temperature difference between the ambient surroundings and the refrigerated space, 
as shown for the cascade system in Chapter 11. It can also be a coupling of a heat engine 
cycle providing the work to drive a refrigeration cycle, as shown in Fig. 12.22. This is what 
happens when a car engine produces shaft work to drive the car’s air conditioner unit or 
when electric power generated by combustion of some fuel drives a domestic refrigerator. 
Theammonia absorption system shown in Fig. 11.26 issuch an application to greatly reduce 
the mechanical work input. Imagine a control volume around the left side column of devices 
and notice how this substitutes for the compressor in a standard refrigeration cycle. For use 
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FIGURE 12.21 
Combined 

Brayton/Rankine cycle 
power system. 


Qh 



FIGURE 12.22 A 

heat engine-driven heat 
pump or refrigerator. 



in remote locations, the work input can be completely eliminated, as in Fig. 12.22, with 
combustion of propane as the heat source to run a refrigerator without electricity. 

We have descri bed only a few combi ned-cycl e systems here, as examples of the types 
of applications that can be dealt with, and the resulting improvement in overall performance 
that can occur. Obviously, there are many other combinations of power and refrigeration 
systems. Some of these are discussed in the problems at the end of the chapter. 


SUMMARY A Brayton cycleisagas turbine producing electricity and with a modification of ajet engine 
producing thrust. This is a high-power, low-mass, low-volume device that is used where 
space and weight are at a premium cost. A high back work ratio makes this cycle sensitive 
to compressor efficiency. Different variations and configurations for the Brayton cycle with 







508 ■ CHAPTER TWELVE POWER AND REFRIGERATION SYSTEMS— GASEOUS WORKING FLUIDS 


regenerators and intercoolers are shown. The air-standard refrigeration cycle, the reverse of 
the Brayton cycle, is also covered in detail. 

Piston/cylinder devices are shown for the Otto and diesel cycles modeling the gasoline 
and diesel engines, which can be two- or four-stroke engines. Cold air properties are used 
to show the influence of compression ratio on the thermal efficiency, and the mean effective 
pressuri is used to relate the engine size to total power output. Atkinson and cycles 
are modifications of the basic cycles that are implemented in modern hybrid engines, and 
these are also presented. We briefly mention the Stirling cycl as an example of an external 
combustion engine. 

The chapter ends with a short description of combined-cycle applications. This covers 
stacked or cascade systems for large temperature spans and combinations of different kinds 
of cycles where one can be added as a topping cyci or a bottoming cycl . Often a Rankine 
cycle uses exhaust energy from a B rayton cycle in larger stationary applications, and a heat 
engine can be used to drive a refrigerator or heat pump. 

You should have learned a number of skills and acquired abilities from studying this 
chapter that will allow you to: 

• K now the principles of gas turbines and jet engines. 

• Know that real engine component processes are not reversible. 

• Understand the air-standard refrigeration processes. 

• U nderstand the basics of piston/cylinder engine configuration. 

• K now the principles of the various piston/cylinder engine cycles. 

• Have a sense of the most influential parameters for each type of cycle. 

• K now that most real cycles have modifications to the basic cycle setup. 

• Know the principle of combining different cycles. 


KEY CONCEPTS Brayton Cycle 

AND FORMULAS Compression ratio 


Pressure ratio r p = P h igh/Piow 


Basic cycle efficiency 



Regenerator 
Cycle with regenerator 


Dual fluid heat exchanger; uses exhaust flow energy. 



Intercooler 
J et engine 
Thrust 

Propulsive power 


Cooler between compressor stages; reduces work input 
No shaft work out; kinetic energy generated in exit nozzle 
F — rh(V e -Vi) (momentum equation) 

W = F V aircraft = m(V e -V/) V aircraft 


Air Standard Refrigeration Cycle 


Coefficient of performance COP = /3 RE f = = (r*, 1 k)/k - 1) 


1/1/ net M/ net 
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Piston Cylinder Power Cycles 

Compression ratio 

Volumeratio r v = CR = I/max/'/mm 

Displacement (one cycle) 

Al/ = 1/max 1/min = ^(^max - Vmin) = SA C y[ 

Stroke 

S = 2R crank; piston travel in compression or expansion 

M ean effective pressure 

P meff = <Wnet/(Vmax — ^min) = Wnet/(l/max ~ '/min) 

Power by one cylinder 

R PM 

1/1/ =mcL> nA —— (times l h for four-stroke cycle) 

60 

Otto cycle efficiency 

„ = 1 U4 ~ Ul =l r]~ k 
u 3 -u 2 

Diesel cycle efficiency 

U4 — Uj T 1 T4/T1 — 1 

h 3 -h 2 ~ kT 2 T 3 /T 2 - 1 

Atkinson cycle 

Vi V4 

CRi = — (compression ratio); CR = — (expansion ratio) 
v 2 v 3 

Atkinson cycle efficiency 

h 4 hi CR — CRi 

u 3 — u 2 CR k -CRl 

Combined Cycles 

Topping, bottoming cycle: 

The high and low temperature cycles 

Cascade system: 

Stacked refrigeration cycles 

Coupled cycles: 

FI eat engine driven refrigerator 


CONCEPT-STUDY GUIDE PROBLEMS 

12.1 I saBraytoncyclethesameasa Carnot cycle? Name 
the four processes. 

12.2 Why is the back work ratio in the Brayton cycle 
much higher than that in the Rankine cycle? 

12.3 Fora given Brayton cycle, the cold air approxima- 
tion gave a formula for the efficiency. If we use the 
specific heats at the average temperature for each 
change in enthalpy, will that give a higher or lower 
efficiency? 

12.4 Does the efficiency of a jet engine change with al- 
titude since the density varies? 

12.5 Why are the two turbines in Fig. 12.7 and 12.8 not 
connected to the same shaft? 

12.6 W hy is an air refrigeration cycle not common for a 
household refrigerator? 

12.7 Does the inlet state (P 1; T i) have any influence on 
the Otto cycle efficiency? Flow about the power 
produced by a real car engine? 


12.8 For a given compression ratio, does an Otto cy- 
cle have a higher or lower efficiency than a diesel 
cycle? 

12.9 FI ow many parameters do you need to know to com- 
pletely describe the Atkinson cycle? Flow about the 
M iller cycle? 

12.10 Why would one consider a combined-cycle sys- 
tem for a power plant? For a heat pump or 
refrigerator? 

12.11 Can the exhaust flow from a gas turbine be useful? 

12.12 Where may a heat engine- driven refrigerator be 
useful? 

12.13 Since any heat transfer is driven by a temperature 
difference, how does that affect all the real cycles 
relative to the ideal cycles? 
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HOMEWORK PROBLEMS 

Brayton Cycles, Gas Turbines 

12.14 In a Brayton cycle the inlet is at 300 K, 100 kPa, 
and the combustion adds 670 kj/kg. The max- 
imum temperature is 1200 K due to material 
considerations. Find the maximum permissible 
compression ratio and, for that ratio, the cycle 
efficiency using cold-air properties. 

12.15 A Brayton cycle has a compression ratio of 15:1 
with a high temperature of 1600 K and the inlet at 
290 K, 100 kPa. Use cold air properties and find 
the specific heat transfer and specific net work 
output. 

12.16 A large stationary Brayton-cycle gas turbine 
power pi ant delivers a power output of 100 M W to 
an electric generator. The minimum temperature 
in the cycle is 300 K, and the maximum tempera- 
ture is 1600 K. The mini mum pressure in the cycle 
is 100 kPa, and the compressor pressure ratio is 
14 to 1. Calculate the power output of the turbine. 
W hat fraction of the turbine output is required to 
drive the compressor? What is the thermal effi- 
ciency of the cycle? 

12.17 Consider an ideal air-standard Brayton cycle in 
which the air into the compressor is at 100 kPa, 
20°C, and the pressure ratio across the compres- 
sor is 12:1. The maximum temperature in the cy- 
cle is 1100°C, and the air flow rate is 10 kg/s. 
Assume constant specific heat for the air (from 
Table A .5). Determine the compressor work, the 
turbine work, and the thermal efficiency of the 
cycle. 

12.18 Repeat Problem 12.17, but assume variable spe- 
cific heat for the air (Table A .7). 

12.19 A Brayton cycle has inlet at 290 K, 90 kPa, and 
the combustion adds 1000 kj/kg. How high can 
the compression ratio be so the highest tempera- 
ture is below 1700 K? 

12.20 A Brayton cycle produces net 50 MW with an 
inlet state of 17°C, 100 kPa, and the pressure 
ratio is 14:1. The highest cycle temperature is 
1600 K. Find the thermal efficiency of the cy- 
cle and the mass flow rate of air using cold air 
properties. 

12.21 A Brayton cycle produces 14 MW with an inlet 
state of 17°C, 100 kPa, and a compression ratio 


of 16:1. The heat added in the combustion is 960 
kj/kg. What is the highest temperature and the 
mass flow rate of air, assuming cold air proper- 
ties? 

12.22 Do the previous problem with properties from 
Table A. 7.1 instead of cold air properties. 

12.23 Solve Problem 12.15 using the air tables A .7 in- 
stead of cold air properties. 

12.24 Solve Problem 12.14 with variable specific heats 
usingTableA.7. 


Regenerators, Intercoolers, and 
Nonideal Cycles 

12.25 Would it be better to add an ideal regenerator to 
the Brayton cycle in Problem 12.20? 

12.26 A Brayton cycle with an ideal regenerator has in- 
let at 290 K, 90 kPa, with the highest P, T as 
1170 kPa, 1700 K. Find the specific heat trans- 
fer and the cycle efficiency using cold air proper- 
ties. 

12.27 An ideal regenerator is incorporated into the ideal 
air-standard Brayton cycleof Problem 12.17. Find 
the thermal efficiency of the cycle with this mod- 
ification. 

12.28 Consider an ideal gas-turbine cycle with a pres- 
sure ratio across thecompressorof 12:l.Thecom- 
pressor inlet isat 300 K, 100 kPa, andthecyclehas 
a maximum temperature of 1600 K with an ideal 
regenerator. Find the thermal efficiency of the cy- 
cle using cold air properties. If the compression 
ratio is raised, T 4 - T 2 goes down. At what com- 
pression ratio is T 2 = T 4 so that the regenerator 
cannot be used? 

12.29 A two-stage air compressor has an intercooler be- 
tween the two stages, as shown in Fig. P 12.29. The 
inlet state is 100 kPa, 290 K, and the final exit 
pressure is 1.6 M Pa. Assume that the constant- 
pressure intercooler cools the air to the inlet tem- 
perature, T 3 = Ti. It can be shown that the op- 
timal pressure is P 2 = (PiP 4 ) 1/2 , for minimum 
total compressor work. Find the specific compres- 
sor works and the intercooler heat transfer for the 
optimal P 2 . 
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FIGURE PI 2.29 


12.30 Assume the compressor in Problem 12.21 has an 
intercooler that cools the air to 330 K, operating 
at 500 kPa, followed by a second-stage compres- 
sion to 1600 kPa. Find the specific heat transfer 
in the intercooler and the total compression work 
required. 

12.31 The gas-turbine cycle shown in Fig. P12.31 is 
used as an automotive engine. In the first tur- 
bine, the gas expands to pressure P 5 , just low 
enough for this turbine to drive the compressor. 
The gas is then expanded through the second tur- 
bine connected to the drive wheels. The data for 
the engine are shown in the figure, and assume 
that all processes are ideal. Determine the inter- 
mediate pressure P 5 , the net specific work out- 
put of the engine, and the mass flow rate through 
the engine. Find also the air temperature entering 
the burner T 3 and the thermal efficiency of the 
engine. 


12.32 Repeat Problem 12.29 when the intercooler 
brings the air to T3 = 320 K. The cor- 
rected formula for the optimal pressure is P 2 = 
[P iP 4 (T 3/T i)"/^- 1 )] 1 / 2 . See Problem 9.241, 
where /1 is the exponent in the assumed polytropic 
process. 

12.33 Repeat Problem 12.16, but include a regenerator 
with 75% efficiency in the cycle. 

12.34 An air compressor has inlet of 100 kPa, 290 K, 
and brings it to 500 kPa, after which the air is 
cooled in an intercooler to 340 K by heat transfer 
to the ambient 290 K . Assume this first compres- 
sor stage has an isentropic efficiency of 85% and 
is adiabatic. U sing constant specific heat, find the 
compressor exit temperature and the specific en- 
tropy generation in the process. 

12.35 A two-stage compressor in a gas turbine brings 
atmospheric air at 100 kPa, 17°C, to 500 kPa and 
then cools it in an intercooler to 27°C at constant 
P .Thesecond stagebringstheairto 1000 kPa. As- 
sume that both stages are adiabatic and reversible. 
Find the combined specific work to the compres- 
sor stages. Compare that to the specific work for 
the case of no intercooler (i.e., one compressor 
from 100 to 1000 kPa). 

12.36 Repeat Problem 12.16, but assume that the com- 
pressor has an isentropic efficiency of 85% and 
the turbine an isentropic efficiency of 88%. 

12.37 A gasturbinewith airasthe working fluid has two 
ideal turbine sections, as shown in Fig. P12.37, the 
first of which drives the ideal compressor, with the 
second produci ng the power output. T he compres- 
sor input is at 290 K, 100 kPa, and the exit is at 



w net = 1 50 kW 





512 ■ CHAPTER TWELVE POWER AND REFRIGERATION SYSTEMS— GASEOUS WORKING FLUIDS 


450 kPa. A fraction of flow, x, bypasses the burner 
and the rest (1 -x) goes through the burner, where 
1200 kj /kg isadded by combustion. The twoflows 
then mix before entering the first turbine and con- 
tinue through the second turbine, with exhaust at 
100 kPa. If the mixing should result in a tem- 
perature of 1000 K into the first turbine, find the 
fraction x. Find the required pressure and temper- 
atureinto thesecondturbineand its specific power 
output. 



12.38 A gas turbine has two stages of compression, 
with an intercooler between the stages (see Fig. 
P12.29). Air enters the first stage at 100 kPa 
and 300 K. The pressure ratio across each com- 
pressor stage is 5:1, and each stage has an isen- 
tropic efficiency of 82%. Air exits the intercooler 
at 330 K. Calculate the exit temperature from 
each compressor stage and the total specific work 
required. 

12.39 Repeat the questions in Problem 12.31 when we 
assume that friction causes pressure drops in 
the burner and on both sides of the regenerator, 
in each case, the pressure drop is estimated to 
be 2% of the inlet pressure to that component of 
the system, so P 3 = 588 kPa, P 4 = 0.98 P 3 , and 
P 6 = 102 kPa. 

Ericsson Cycles 

12.40 Consider an ideal air-standard Ericsson cyclethat 
has an ideal regenerator, as shown in Fig. P12.40. 
The high pressure is 1 M Pa, and the cycle effi- 
ciency is 70%. FI eat is rejected in the cycle at a 
temperature of 350 K, and the cycle pressure at 
the beginning of the isothermal compression pro- 
cess is 150 kPa. Determine the high temperature, 


the compressor work, and the turbine work per 
kilogram of air. 



FIGURE PI 2.40 


12.41 An air-standard Ericsson cycle has an ideal re- 
generator. FI eat is supplied at 1000°C, and heat 
is rejected at 80°C. Pressure at the beginning of 
the isothermal compression process is 70 kPa. 
The heat added is 700 kj/kg. Find the compres- 
sor work, the turbine work, and the cycle effi- 
ciency. 

Jet Engine Cycles 

12.42 The Brayton cycle in Problem 12.16 is changed to 
be a jet engine cycle. Find the exit velocity using 
cold air properties. 

12.43 Consider an ideal air-standard cycle for a gas 
turbine, jet propulsion unit, such as that shown in 
Fig. 12.9. The pressure and temperature entering 
the compressor are 90 kPa and 290 K . The pres- 
sure ratio across the compressor is 14:1, and the 
turbine inlet temperature is 1500 K . W hen the air 
leaves the turbine, it enters the nozzle and ex- 
pands to 90 kPa. Determine the pressure at the 
nozzle inlet and the velocity of the air leaving the 
nozzle. 

12.44 Solve the previous problem using the air tables. 

12.45 The turbine section in a jet engine receives gas 
(assumed to be air) at 1200 K and 800 kPa with 
an ambient atmosphere at 80 kPa. The turbine is 
followed by a nozzle open to the atmosphere, and 
all the turbine work drives a compressor receiving 
air at 85 kPa and 270 K with the same flow rate. 
Find the turbine exit pressure so that the nozzle 
has an exit velocity of 800 m/s. 
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Fuel in 



Turbojet engine 

FIGURE PI 2.45 


12.52 Solve the previous problem using the air tables. 

12.53 A n afterburner in a jet engine adds fuel after the 
turbine, thus raising the pressure and temperature 
via the energy of combustion. A ssume a standard 
condition of 800 K and 250 kPa after the turbine 
into the nozzle that exhausts at 95 kPa. Assume 
the afterburner adds 450 kj/kg to that state with 
a rise in pressure for the same specific volume, 
and neglect any upstream effects on the turbine. 
Find the nozzle exit velocity before and after the 
afterburner is turned on. 


12.46 Given the conditions in the previous problem, 
what pressure could an ideal compressor gener- 
ate (not the 800 kPa but higher)? 

12.47 Consider a turboprop engine where the turbine 
powers the compressor and a propeller. Assume 
the same cycle as in Problem 12.43 with a turbine 
exit temperature of 900 K . Find the specific work 
to the propeller and the exit velocity. 

12.48 Consider an air-standard jet engine cycle operat- 
ing in a 280-K, 100-kPa environment. The com- 
pressor requires a shaft power input of 4000 kW. 
Air enters the turbine state 3 at 1600 K and2M Pa, 
at the rate of 9 kg/s, and the isentropic efficiency 
of the turbine is 85%. Determine the pressure and 
temperature entering the nozzle. 

12.49 Solve the previous problem using the air tables. 

12.50 A jet aircraft is flying at an altitude of 4900 m, 
where the ambient pressure is approximately 
55 kPa and the ambient temperature is -18°C. 
T he velocity of the ai rcraft i s 280 m/s, the pressure 
ratio across the compressor is 14:1, and the cycle 
maximum temperature is 1450 K. Assume that 
the inlet flow goes through a diffuser to zero rela- 
tive vel ocity at state a, Fig. 12.9. Find the temper- 
ature and pressure at state a and the velocity (rela- 
tive to the aircraft) of the air leaving the engine at 
55 kPa. 

12.51 The turbine in a jet engine receives air at 1250 K 
and 1.5 M Pa. It exhausts to a nozzle at 250 kPa, 
which in turn exhausts to the atmosphere at 100 
kPa. The isentropic efficiency of the turbine is 
85%, and the nozzle efficiency is 95%. Find the 
nozzle inlet temperature and the nozzle exit ve- 
locity. Assume negligible kinetic energy out of 
the turbine. 


Combustors Fuel-spray bars 



Diffuser Gas generator Afterburner Adjustable 


duct nozzle 


FIGURE PI 2.53 


Air-Standard Refrigeration Cycles 

12.54 An air-standard refrigeration cycle has air into the 
compressor at 100 kPa, 270 K , with a compression 
ratio of 3:1. The temperature after heat rejection 
is 300 K . Find the COP and the lowest cycle tem- 
perature. 

12.55 A standard air refrigeration cycle has -10°C, 
100 kPa, into the compressor, and the ambient 
cools the air to down to 35°C at 400 kPa. Find 
the lowest T in the cycle, the low T specific heat 
transfer, and the specific compressor work. 

12.56 TheformulafortheCOP assuming cold-air prop- 
erties is given for the standard refrigeration cycle 
in Eq. 12.5. Develop a similar formula for the 
cycle variation with a heat exchanger as shown in 
Fig. 12.12. 

12.57 Assume a refrigeration cycle as shown in Fig. 
12.12 with a reversible adiabatic compressor and 
expander. For this cycle, the low pressure is 
100 kPa and the high pressure is 1.4 M Pa with 
constant-pressure heat exchangers (see the T-s 
diagram in Fig. 12.12). The temperatures are 
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T 4 = T 6 = — 50°C and Ti = T 3 = 15°C. Find 
the COP for this refrigeration cycle. 

12.58 Repeat Problem 12.57, but assume that helium is 
the cycle working fluid instead of air. Discuss the 
significance of the results. 

12.59 Repeat Problem 12.57, but assume an isentropic 
efficiency of 75% for both the compressor and the 
expander. 


Otto Cycles, Gasoline Engines 

12.60 A four-stroke gasoline engine runs at 1800 RPM 
with a total displacement of 2.4 L and a com- 
pression ratio of 10:1. The intake is at 290 
K, 75 kPa, with a mean effective pressure of 
600 kPa. Find the cycle efficiency and power 
output. 

12.61 A four-stroke gasoline 4.2-L engine running at 
2000 RPM has an inlet state of 85 kPa, 280 K. 
After combustion it is 2000 K, and the high- 
est pressure is 5 M Pa. Find the compression ra- 
tio, the cycle efficiency, and the exhaust tempera- 
ture. 

12.62 Find the powerfrom the engine in Problem 12.61. 

12.63 Air flows into a gasoline engine at 95 kPa and 
300 K. The air is then compressed with a vol- 
umetric compression ratio of 8:1. The combus- 
tion process releases 1300 kj/kg of energy as the 
fuel burns. Find thetemperature and pressure after 
combustion using cold air properties. 

12.64 A 2.4-L gasoline engine runs at 2500 RPM with 
a compression ratio of 9:1. The state before com- 
pression is 40 kPa, 280 K, and after combustion 
it is at 2000 K. Find the highest T and P in the 
cycle, the specific heat transfer added, the cycle 
efficiency, and the exhaust temperature. 

12.65 Suppose we reconsider the previous problem, and 
instead of the standard ideal cycle we assume the 
expansion is a polytropic process with n = 1.5. 
W hat are the exhaust temperature and the expan- 
sion specific work? 

12.66 A gasoline engine has a volumetric compression 
ratio of 8 and before compression has ai r at 280 K 
and 85 kPa. The combustion generates a peak 
pressure of 6500 kPa. Find the peak temperature, 
the energy added by the combustion process, and 
the exhaust temperature. 


12.67 To approximate an actual spark-ignition engine, 
consider an air-standard Otto cyclethathasa heat 
addition of 1800 kj/kg of air, a compression ratio 
of 7, and a pressure and temperature at the begin- 
ning of the compression process of 90 kPa and 
10°C. Assuming constant specific heat, with the 
value from Table A. 5, determine the maximum 
pressure and temperature of the cycle, the ther- 
mal efficiency of the cycle, and the mean effective 
pressure. 



FIGURE PI 2.67 


12.68 A 3.3-L minivan engine runs at 2000 RPM 
with a compression ratio of 10:1. The intake is 
at 50 kPa, 280 K , and after expansion it is at 750 
K. Find the highest T in the cycle, the specific 
heat transfer added by combustion, and the mean 
effective pressure. 

12.69 A gasoline engine takes air in at 290 K and 
90 kPa and then compresses it. The combustion 
adds 1000 kj/kg to the air, after which the tem- 
perature is 2050 K. Use the cold air properties 
(i.e., constant heat capacities at 300 K) and find 
the compression ratio, the compression specific 
work, and the highest pressure in the cycle. 

12.70 Answer the same three questions for the pre- 
vious problem, but use variable heat capacities 
(useTableA.7). 

12.71 A four-stroke gasoline engine has a compression 
ratio of 10:1 with four cylinders of total displace- 
ment 2.3 L. The inlet state is 280 K, 70 kPa, 
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and the engine is running at 2100 RPM , with the 
fuel adding 1800 kj /kg in the combustion process. 
What is the net work in the cycle, and how much 
power is produced? 



FIGURE PI 2.71 


12.72 A gasoline engine receives air at 10°C, 100 kPa, 
having a compression ratio of 9:1. The heat ad- 
dition by combustion gives the highest tempera- 
ture as 2500 K. Use cold air properties to find the 
highest cycle pressure, the specific energy added 
by combustion, and the mean effective pressure. 

12.73 A gasoline engine has a volumetric compression 
ratio of 10 and before compression has air at 
290 K, 85 kPa, in the cylinder. The combustion 
peak pressure is 6000 kPa. Assume cold air prop- 
erties. What is the highest temperature in the cy- 
cle? Find the temperature at the beginning of the 
exhaust (heat rejection) and the overall cycle effi- 
ciency. 

12.74 Repeat Problem 12.67, but assume variable spe- 
cific heat. The ideal -gas air tables, Table A. 7, are 
recommended for this cal cul ation (and thespecific 
heat from Fig. 5.10 at high temperature). 

12.75 A n Otto cycle has the lowest T as 290 K and the 
lowest P as 85 kPa. The highest T is 2400 K, 
and combustion adds 1200 kj /kg as heat transfer. 
Find the compression ratio and the mean effective 
pressure. 

12.76 The cycle in the previous problem is used in a 
2.4-L engine running at 1800 RPM . Flow much 
power does it produce? 

12.77 When methanol produced from coal is considered 
as an alternative fuel to gasoline for automotive 
engines, it is recognized that the engine can be 


designed with a higher compression ratio, say 10 
instead of 7, but that the energy releasewith com- 
bustion for a stoichiometric mixture with air is 
slightly smaller, about 1700 kj/kg. Repeat Prob- 
lem 12.67 using these values. 

12.78 A gasoline engine has a volumetric compression 
ratio of 9. The state before compression is 290 K , 
90 kPa, and the peak cycle temperature is 
1800 K . Find the pressure after expansion, the cy- 
cle net work, and the cycle efficiency using prop- 
erties from Table A. 7. 2. 

12.79 SolveProblem 12.63 using theP r and v r functions 
from Table A 7.2. 

12.80 SolveProblem 12.70 using theP r and v r functions 
from Table A 7.2. 

12.81 It is found experimentally that the power stroke 
expansion in an internal combustion engine can 
be approximated, with a polytropic process with 
a value of the polytropic exponent n somewhat 
larger than the specific heat ratio k. Repeat Prob- 
lem 12.67, but assume that the expansion process 
is reversible and polytropic (instead of the isen- 
tropic expansion in the Otto cycle) with n equal 
to 1.50. 

12.82 In the Otto cycle, all the heat transfer q H occurs 
at constant volume. It is more realistic to assume 
that part of q H occurs after the pi ston has started i ts 
downward motion in the expansion stroke. There- 
fore, consider a cycle identical to the Otto cycle, 
except that the first two-thirds of the total q H oc- 
curs at constant volume and the last one-third oc- 
curs at constant pressure. Assume that the total 
q H is 2100 kj/kg, that the state at the beginning 
of the compression process is 90 kPa, 20°C, and 
that the compression ratio i s 9. Calculate themax- 
imum pressure and temperature and the thermal 
efficiency of this cycle. Compare the results with 
those of a conventi onal 0 tto cy cl e havi ng the same 
given variables. 


Diesel Cycles 

12.83 A diesel engine has an inlet at 95 kPa, 300 K, 
and a compression ratio of 20:1. The combustion 
releases 1300 kj/kg. Find the temperature after 
combustion using cold air properties. 

12.84 A diesel engine has a state before compression 
of 95 kPa, 290 K, a peak pressure of 6000 kPa, 
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and a maximum temperature of 2400 K. Find 
the volumetric compression ratio and the thermal 
efficiency. 

12.85 Find the cycle efficiency and mean effective pres- 
sure for the cycle in Problem 12.83. 

12.86 A diesel engine has a compression ratio of 20:1 
with an inlet of 95 kPa and 290 K, state 1, with 
volume 0.5 L. The maximum cycle temperature 
is 1800 K. Find the maximum pressure, the net 
specific work, and the thermal efficiency. 

12.87 A diesel engine has a bore of 0.1 m, a stroke of 
0.11 m, and a compression ratio of 19:1 running at 
2000 RPM . Each cycletakestwo revolutions and 
has a mean effective pressure of 1400 kPa. With 
a total of six cylinders, find the engine power in 
kilowatts and horsepower. 



12.88 A supercharger is used for a diesel engine, so in- 
take is 200 kPa, 320 K . The cycle has a compres- 
sion ratio of 18:1, and the highest mean effective 
pressure is 830 kPa. If the engine is 10 L running 
at 200 RPM , find the power output. 

12.89 Atthe beginning of compression in a diesel cycle, 
T = 300 K and P = 200 kPa; after combustion 
(heat addition) is complete, T = 1500 K and P = 
7.0 M Pa. Find the compression ratio, the thermal 
efficiency, and the mean effective pressure. 

12.90 Do Problem 12.84, but use the properties from 
Table A. 7 and not the cold air properties. 


12.91 Solve Problem 12.84 using the P r and v r functions 
fromTableA7.2. 

12.92 T he world's largest diesel engine hasdisplacement 
of 25 m 3 running at 200 RPM in a two-stroke cy- 
cle producing 100 000 hp. A ssumean inlet stateof 
200 kPa, 300 K, and a compression ratio of 20:1. 
W hat is the mean effective pressure? 

12.93 A diesel engine has air before compression at 280 
K and 85 kPa. The highest temperature is 2200 K, 
and the highest pressure is 6 M Pa. Find the vol- 
umetric compression ratio and the mean effective 
pressure using cold air properties at 300 K . 

12.94 Consider an ideal air-standard diesel cycle in 
which the state before the compression process 
is 95 kPa, 290 K , and the compression ratio is 20. 
Find the thermal efficiency for a maximum tem- 
perature of 2200 K . 

Stirling and C arnot C ycles 

12.95 Consider an ideal Stirling-cycle engine in which 
the state at the beginning of the isothermal com- 
pression process is 100 kPa, 25°C, the compres- 
sion ratio is 6, and the maximum temperature in 
the cycle is 1100°C. Calculate the maximum cy- 
clepressureand the thermal efficiency of the cycle 
with and without regenerators. 

12.96 An air-standard Stirling cycle uses helium as the 
working fluid. The isothermal compression brings 
helium from 100 kPa, 37°C to 600 kPa. The ex- 
pansion takes place at 1200 K, and there is no 
regenerator. Find the work and heat transfer in all 
of the four processes per kilogram of helium and 
the thermal cycle efficiency. 

12.97 Consider an ideal air-standard Stirling cycle with 
an ideal regenerator. The minimum pressure and 
temperature in the cycle are 100 kPa, 25°C, the 
compression ratio is 10, and the maximum tem- 
perature in the cycle is 1000°C. Analyze each of 
the four processes in this cycle for work and heat 
transfer, and determine the overall performance of 
the engine. 

12.98 The air-standard Carnot cycle was not shown in 
the text; show the T -s diagram for this cycle. I n 
an air-standard Carnot cycle, the low temperature 
is 280 K and the efficiency is 60%. If the pres- 
sure before compression and after heat rejection is 
100 kPa, find the high temperature and the pres- 
sure just before heat addition. 
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12.99 Air in a piston/cylinder setup goes through a 
Carnot cycle in which T L = 26.8°C and the to- 
tal cycle efficiency is rj = 2/3. Find T H , the spe- 
cific work, and the volume ratio in the adiabatic 
expansion for constant C p , C v . 

12.100 Do the previous problem using Table A .7.1. 

12.101 Do Problem 12.99 using the P r and v r functions 
i n T able A .7.2. 

Atkinson and M iller Cycles 

12.102 A n A tki nson cycl e has state 1 as 150 kPa, 300 K , a 
compression ratio of 9, and a heat release of 1000 
kj/kg. Find the needed expansion ratio. 

12.103 An Atkinson cycle has state 1 as 150 kPa, 300 K, 
a compression ratio of 9, and an expansion ratio 
of 14. Find the needed heat release in the combus- 
tion. 

12.104 Assume we change the Otto cycle in Problem 
12.63 to an Atkinson cycle by keeping the same 
conditions and only increase the expansion to give 
a different state 4. Find the expansion ratio and 
the cycle efficiency. 

12.105 Repeat Problem 12.67, assuming we change the 
Otto cycle to an Atkinson cycle by keeping the 
same conditions and only increase the expansion 
to give a different state 4. 

12.106 An Atkinson cycle has state 1 as 150 kPa, 300 K, 
with a compression ratio of 9 and an expansion 
ratio of 14. Find the mean effective pressure. 

12.107 A M iller cyclehas state 1 as 150 kPa, 300 K, with 
a compression ratio of 9 and an expansion ratio of 
14. If P 4 is 250 kPa, find the heat release in the 
combustion. 

12.108 A M iller cycle has state 1 as 150 kPa, 300 K, a 
compression ratio of 9, and a heat release of 1000 
kj/kg. Find the needed expansion ratio so that P 4 
is 250 kPa. 

12.109 In a M iller cycle, assume we know state 1 (intake 
state) compression ratios CR i and CR . Find an ex- 
pression for the minimum allowable heat release 
so that P 4 = P 5 , that is, it becomes an Atkinson 
cycle. 

Combined Cycles 

12.110 A Rankine steam power plant should operatewith 
a high pressure of 3 M Pa, a low pressure of 
10 kPa, and a boiler exit temperature of 500°C. 


The available high-temperature source is the ex- 
haust of 175 kg/s ai r at 600°C from a gas turbi ne. 
If the boiler operates as a counterflowing heat ex- 
changer where the temperature difference at the 
pinch point is20°C, find the maxi mum water mass 
flow rate possible and the air exit temperature. 

12.111 A simpleRankine cycle w i th R-410a as the work- 
ing fluid is to be used as a bottoming cycle for an 
el ectrical-generating facility driven by the exhaust 
gas from a diesel engine as the high-temperature 
energy source in the R-410a boiler. Diesel inlet 
conditions are 100 kPa, 20°C, the compression 
ratio is 20, and the maximum temperature in the 
cycle is 2800°C. The R-410a leaves the bottom- 
ing cycle boiler at 80°C, 4 M Pa, and the con- 
denser pressure is 1800 kPa. The power output of 
the diesel engine is 1 M W. Assuming ideal cycles 
throughout, determine 

a. The flow rate required in the diesel engine. 

b. The power output of the bottoming cycle, as- 
suming that the diesel exhaust is cooled to 
200°C in the R-410a boiler. 

12.112 A small utility gasoline engine of 250 cc runs at 
1500 RPM with a compression ratio of 7:1. The 
inlet state is 75 kPa, 17°C, and the combustion 
adds 1500 kj/kg to the charge. This engine runs a 
heat pump using R-410a with a high pressure of 
4 M Pa and an evaporator operating at 0°C. Find 
the rate of heating the heat pump can deliver. 

12.113 Can the combined cycles in the previous prob- 
lem deliver more heat than what comes from the 
R-410a? Find any amounts, if so, by assuming 
some conditions. 

12.114 The power plant shown in Fig. 12.21 combines a 
gas-turbine cycle and a steam-turbine cycle. The 
following data are known for the gas-turbine cy- 
cle. Air enters the compressor at 100 kPa, 25°C, 
the compressor pressure ratio is 14, and the heater 
input rate is 60 MW; the turbine inlet temperature 
is 1250°C, the exhaust pressure is 100 kPa, and 
the cycle exhaust temperature from the heat ex- 
changer is 200°C. The following data are known 
for the steam-turbine cycle. The pump inlet state 
is saturated liquid at 10 kPa, the pump exit pres- 
sure is 12.5 M Pa, and the turbine inlet temper- 
ature is 500°C. Determine the mass flow rate in 
both cycles and the overall thermal efficiency of 
the combined cycle; all processes reversible. 
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Availability or Exergy Concepts 

12.115 Consider the Brayton cycle in Problem 12.21. Find 
all the flow sand fluxes of exergy, and find the over- 
all cycle second-law efficiency. Assume the heat 
transfers are internally reversible processes, and 
neglect any external irreversibility. 

12.116 A Brayton cycle has a compression ratio of 15:1 
with a high temperature of 1600 K and an inlet 
state of 290 K, 100 kPa. Use cold air properties to 
find the specific net work output and the second- 
law efficiency (neglect the "value" of the exhaust 
flow). 

12.117 Reconsider the previous problem and find the 
second-law efficiency if you do consider the 
"value" of the exhaust flow. 

12.118 For Problem 12.110, determine the change of 
availability of the water flow and that of the air- 
flow. Use these to determine a second-law effi- 
ciency for the boiler heat exchanger. 

12.119 Determine the second-law efficiency of an ideal 
regenerator in the B rayton cycle. 

12.120 Assume a regenerator in a Brayton cycle has an 
efficiency of 75%. Find an expression for the 
second-law efficiency. 

12.121 The Brayton cycle in Problem 12.14 had a heat 
addition of 670 kj /kg. What is the exergy increase 
in the heat addition process? 

12.122 The conversion efficiency of the Brayton cycle 
in Eq. 12.1 was determined with cold-air prop- 
erties. Find a similar formula for the second-law 
efficiency, assuming the low T heat rejection is 
assigned zero exergy value. 


12.123 Redo the previous problem for a large stationary 
Brayton cycle where the low T heat rejection is 
used in a process application and thus has nonzero 
exergy. 

Review Problems 

12.124 Repeat Problem 12.31, but assume that the com- 
pressor has an efficiency of 82% , that both turbi nes 
have efficiencies of 87%, and that the regenerator 
efficiency is 70%. 

12.125 Consider a gas-turbine cycle with two stages of 
compression and two stages of expansion. The 
pressure ratio across each compressor stage and 
each turbine stage is 8:1. The pressure at the en- 
trance to the first compressor is 100 kPa, the tem- 
perature entering each compressor is 20°C, and 
the temperature entering each turbine is 1100°C. 
A regenerator is also incorporated into the cycle, 
and it has an efficiency of 70%. Determine the 
compressor work, the turbine work, and the ther- 
mal efficiency of the cycle. 

12.126 A gas-turbine cycle has two stages of compres- 
sion, with an intercooler between the stages. Air 
enters the first stage at 100 kPa, 300 K . The pres- 
sure ratio across each compressor stage is 5:1, and 
each stage has an isentropic efficiency of 82% .Air 
exits the intercooler at 330 K . The maximum cy- 
cle temperature is 1500 K, and the cycle has a 
single- turbine stage with an isentropic efficiency 
of 86%. Thecyclealso includes a regenerator with 
an efficiency of 80%. Calculate the temperature at 
the exit of each compressor stage, the second-law 
efficiency of the turbine, and the cycle thermal 
efficiency. 
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12.127 A gasoline engine has a volumetric compression 
ratio of 9. The state before compression is 290 K, 
90 kPa, and the peak cycle temperature is 1800 
K . Find the pressure after expansion, the cycle net 
work, and the cycle efficiency using properties 
from Table A .7. 

12.128 Consider an ideal air-standard diesel cycle in 
which the state before the compression process 
is 95 kPa, 290 K , and the compression ratio is 20. 
Find the maximum temperature (by iteration) in 
the cycle to have a thermal efficiency of 60%. 


12.129 Find the temperature after combustion and the 
specific energy release by combustion in Problem 
12.92 using cold-air properties. This is a difficult 
problem, and it requires iterations. 

12.130 Reevaluate the combined Brayton and Rankine 
cycles in Problem 12.114. For a more realistic 
case, assume the air compressor, the air turbine, 
the steam turbine, and the pump all have an isen- 
tropic efficiency of 87%. 


ENGLISH UNIT PROBLEMS 

Brayton Cycles 

12.131E in a Brayton cycle the inlet is at 540 R, 14 psia, 
and the combustion adds 290 Btu/lbm. The max- 
imum temperature is 2160 R due to material 
considerations. Find the maximum permissible 
compression ratio and, for that ratio, the cycle 
efficiency using cold air properties. 

12.1325 A large stationary Brayton-cycle gas-turbine 
power plant delivers a power output of 100 000 
hp to an electric generator. The minimum tem- 
perature i n the cycle is 540 R , and the maxi mum 
temperature is 2900 R. The minimum pressure 
in the cycle is 1 atm, and the compressor pres- 
sure ratio is 14:1. Calculate the power output of 
the turbine, the fraction of the turbine output re- 
quired to drive the compressor, and the thermal 
efficiency of the cycle. 

12.1335 A Brayton cyclehasa compression ratio of 15:1 
with a high temperature of 2900 R and the inlet 
at 520 R, 14 psia. Use cold air properties and 
find the specific heat transfer and specific net 
work output. 

12.134 A Brayton cycle produces 14 000 Btu/s with an 
inlet state of 60 F, 14.5 psia, and a compression 
ratio of 16:1. The heat added in the combustion 
is 400 Btu/lbm. What are the highest tempera- 
ture and the mass flow rate of air assuming cold 
air properties. 

12.1355 Do the previous problem using properties from 
Table F.5. 

12.1361 Solve Problem 12.131 with variable specific 
heats using Table F.5. 


12.1375 Solve Problem 12.133 using the air tables F.5 
instead of cold air properties. 

12.1385 An ideal regenerator is incorporated into the 
ideal air-standard Brayton cycle of Problem 
12.132. Calculate the cycle thermal efficiency 
with this modification. 

12.139 An air-standard Ericsson cycle has an ideal re- 
generator, as shown in Fig. P12.40. H eat is 
supplied at 1800 F, and heat is rejected at 150 F. 
Pressure at the beginning of the isothermal com- 
pression process is 10 lbf/in. 2 . The heat added 
is 300 Butyl bm. Find the compressor work, the 
turbine work, and the cycle efficiency. 

12.1401 The turbine in a jet engine receives air at 2200 R, 
220 lbf/in. 2 . It exhausts to a nozzle at 35 lbf/in. 2 , 
which in turn exhausts to the atmosphere at 14.7 
I bf/i n. 2 . F i nd the nozzl e i nl et temperature and the 
nozzle exit velocity. Assume negligible kinetic 
energy out of the turbine and reversible pro- 
cesses. 

12.141 An air standard refrigeration cycle has air into 
the compressor at 14 psia, 500 R, with a com- 
pression ratio of 3:1. The temperature after heat 
rejection is 540 R. Find the COP and the lowest 
cycle temperature. 

Otto and Diesel Cycles 

12.1425 A four-strokegasolineenginerunsatl800 RPM 
with a total displacement of 150 in. 3 and a com- 
pression ratio of 10:1. The intake is at 520 R, 
10 psia, with a mean effective pressure of 90 
psia. Find the cycle efficiency and power output. 
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12.143 i Air flows into a gasoline engine at 14 lbf/in. 2 , 
540 R. The air is then compressed with a volu- 
metric compression ratio of 8:1. 1 n the combus- 
tion process, 560 Btu/lbm of energy is released 
as the fuel burns. Find the temperature and pres- 
sure after combustion. 

12.144: To approximate an actual spark-ignition engine, 
consider an air-standard Otto cycle that has a 
heat addition of 800 Btu/lbm of air, a compres- 
sion ratio of 7, and a pressure and temperature 
at the beginning of the compression process of 
13 lbf/in. 2 , 50 F. Assuming constant specific 
heat, with the value from Table F.4, determine 
the maximum pressure and temperature of the 
cycle, the thermal efficiency of the cycle, and 
the mean effective pressure. 

12.145: E A four-stroke gasoline engine has a compres- 
sion ratio of 10:1 with four cylinders of total 
displacement 75 in. 3 . The inlet state is 500 R, 
10 psia, and the engine is running at 2100 R PM , 
with thefuel adding 750 Btu/lbm in thecombus- 
tion process. What is the net work in the cycle, 
and how much power is produced? 

12.146 An Otto cycle has the lowest T as520 Randthe 
lowestP as 12 psia. The highest T is 4500 R, and 
combustion adds 500 Btu/lbm as heat transfer. 
Find the compression ratio and the mean effec- 
tive pressure. 

12.147 A gasoline engine has a volumetric compres- 
sion ratio of 10 and before compression has air 
at 520 R , 12.2 psia, inthecylinder.Thecombus- 
tion peak pressure is 900 psia. Assume cold air 
properties. What is the highest temperature in 
the cycle? F i nd the temperature at the begi nni ng 
of the exhaust (heat rejection) and the overall 
cycle efficiency. 

12.148:; The cycle in Problem 12.146E is used in a 
150-in. 3 engine running at 1800 RPM. Flow 
much power does it produce? 

12.149J It is found experimentally that the power stroke 
expansion in an internal combustion engine can 
be approximated with a polytropic process with 
a value of the polytropic exponent n somewhat 
larger than the specific heat ratio k. Repeat Prob- 
lem 12.144, but assume the expansion process 
is reversible and polytropic (instead of the isen- 
tropic expansion in the Otto cycle) with n equal 
to 1.50. 


12.150 In the Otto cycle, all the heat transfer q H oc- 
curs at constant volume, it is more realistic to 
assume that part of q H occurs after the piston 
has started its downward motion in the expan- 
sion stroke. Therefore, consider a cycle identical 
to the Otto cycle, except that the first two-thirds 
of the total q H occurs at constant volume and 
the last one-third occurs at constant pressure. 
Assume the total g H is 700 Btu/lbm, the state 
at the beginning of the compression process is 
13 lbf/in. 2 , 68 F, and the compression ratio is 
9. Calculate the maximum pressure and tem- 
perature and the thermal efficiency of this cy- 
cle. Compare the results with those of a con- 
ventional Otto cycle having the same given 
variables. 

12.151E A diesel engine has a bore of 4 in., a stroke of 
4.3 in., and a compression ratio of 19:1 run- 
ning at 2000 RPM . Each cycle takes two rev- 
olutions and has a mean effective pressure of 
200 lbf/in. 2 . With a total of six cylinders, find 
the engine power in Btu/s and horsepower. 

12.152 A supercharger is used for a diesel engine, so 
intake is 30 psia, 580 R. The cycle has compres- 
sion ratio of 18:1, and the mean effective pres- 
sure i s 120 psi . Iftheengineis600in. 3 running at 
200 RPM , find the power output. 

12.153 At the beginning of compression in a diesel 
cycle, T = 540 R , P =30 lbf/in. 2 , and the state 
after combustion (heat addition) is 2600 R and 
1000 lbf/in. 2 . Find the compression ratio, the 
thermal efficiency, and the mean effective 
pressure. 

12.154L A diesel cycle has state 1 as 14 psia, 63 F, and 
a compression ratio of 20. For a maximum tem- 
perature of 4000 R, find the cycle efficiency. 

Stirling and C arnot C ycles 

12.155 Consider an ideal Sti rl i ng-cycle engi ne i n which 
the pressure and temperature at the begin- 
ning of the isothermal compression process are 
14.7 lbf/in. 2 , 80 F, the compression ratio is 6, 
and the maximum temperature in the cycle is 
2000 F. Calculate the maximum pressure in the 
cycle and the thermal efficiency of the cycle with 
and without regenerators. 

12.1561 An ideal air-standard Stirling cycle uses helium 
as working fluid. The isothermal compression 
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brings the helium from 15 lbf/in. 2 , 70 F, to 
90 lbf/in. 2 . The expansion takes place at 2100 
R, and there is no regenerator. Find the work 
and heat transfer in all four processes per Ibm 
helium and the cycle efficiency. 

12.157 Air in a piston/cylinder goes through a Carnot 
cycle in which T L = 80.3 F and the total cycle 
efficiency is ?? = 2/3. Find T H , the specific work 
and volume ratio in the adiabatic expansion for 
constant C p , C v . 

12.158 Do the previous problem using Table F.5. 

Atkinson and M iller Cycles 

12.159 Assume we change the Otto cycle in Problem 
11.93 to an Atkinson cycle by keeping the same 
conditions and only increase the expansion to 
give a different state 4. Find the expansion ratio 
and the cycle efficiency. 

12.1607 An Atkinson cycle has state 1 as 20 psia, 540 R, 
a compression ratio of 9, and an expansion ra- 
tio of 14. Find the needed heat release in the 
combustion. 

12.161E An Atkinson cycle has state 1 as 20 psia, 540 R, 
a compression ratio of 9, and an expansion ratio 
of 14. Find the mean effective pressure. 

12.162E A M iller cycle has state 1 as 20 psia, 540 R, a 
compression ratio of 9, and an expansion ratio 
of 14. If P 4 is 30 psia, find the heat release in the 
combustion. 

12.163 A M iller cycle has state 1 as 20 psia, 540 R, a 
compression ratio of 9, and a heat release of 430 
Btu/lbm. Find the needed expansion ratio so that 
P 4 is 30 psia. 


Availability and Review Problems 

12.164 The Brayton cycle in Problem 12.131E has a 
heat addition of 290 Btu/lbm. What is the ex- 
ergy increase in this process? 

12.165 Considerthe Brayton cycle in Problem 12.135E. 
Find all the flows and fluxes of exergy and 
find the overall cycle second-law efficiency. As- 
sume the heat transfers are internally reversible 
processes and neglect any external irreversib- 
ility. 

12.1667 Solve Problem 12.140E assuming an isentropic 
turbi ne efficiency of 85% and a nozzleefficiency 
of 95%. 

12.167E Consider an ideal air-standard diesel cycle 
where the state before the compression process 
is 14 lbf/in. 2 , 63 F, and the compression ratio 
is 20. Find the maximum temperature (by itera- 
tion) in the cycle to have a thermal efficiency of 
50%. 

12.168 Consider an ideal gas-turbine cycle with two 
stages of compression and two stages of expan- 
sion. The pressure ratio across each compressor 
stage and each turbine stage is 8:1. The pres- 
sure at the entrance to the first compressor is 
14 lbf/in. 2 , the temperature entering each com- 
presso r i s 70 F, and the tern peratu re en teri n g eac h 
turbine is 2000 F. An ideal regenerator is also 
incorporated into the cycle. Determine the com- 
pressor work, the turbine work, and the thermal 
efficiency of the cycle. 

12.169E Repeat Problem 12.168E , but assume that each 
compressor stage and each turbine stage has an 
isentropic efficiency of 85%. Also assume that 
the regenerator has an efficiency of 70%. 
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12.170 W rite a program to solve the following problem. 
The effects of varying parameters on the perfor- 
mance of an air-standard B rayton cycle are to be 
determined. Consider a compressor inlet condi- 
tion of 100 kPa, 20°C, and assume constant spe- 
cific heat. The thermal efficiency of the cycle 
and the net specific work output should be de- 


termined for the combinations of the following 
variables. 

a. Compressor pressure ratios of 6, 9, 12, and 15. 

b. M aximum cycle temperatures of 900°, 1100°, 
1300°, and 1500°C. 

c. Compressor and turbine isentropic efficiencies 
each 100, 90, 80, and 70%. 
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12.171 The effect of adding a regenerator to the gas- 
turbine cycle in the previous problem is to be 
studied. Repeat this problem by including a re- 
generator with various values of the regenerator 
efficiency. 

12.172 Write a program to simulate the Otto cycle us- 
ing nitrogen as the working fluid. Use the variable 


specific heat given in Table A .6. The beginning 
of compression has a state of 100 kPa, 20°C. De- 
termine the net specific work output and the cy- 
clethermal efficiency for various combinations of 
compression ratio and maximum cycle tempera- 
ture. Compare the results with those found when 
constant specific heat is assumed. 


Gas Mixtures 


Upto thispointin our development of thermodynamics, we have considered primarily pure 
substances. A large number of thermodynamic problems involve mixtures of different pure 
substances. Sometimes these mixtures are referred to as solutions, particularly in the liquid 
and solid phases. 

I n this chapter we shall turn our attention to various thermodynamic considerations 
of gas mixtures. We begin by discussing a rather simple problem: mixtures of ideal gases. 
This leads to a description of a simplified but very useful model of certain mixtures, such 
as air and water vapor, which may involve a condensed (solid or liquid) phase of one of the 
components. 


13.1 GENERAL CONSIDERATIONS AND 


MIXTURES OF IDEAL GASES 


Let us consider a general mixtureofN components, each a pure substance, so the total mass 
and the total number of moles are 


m to t =m 1 + m 2 + --- + m N =J2 m i 
ntot = n 1 + n 2 + --- + n N =J2 n i 


The mixture is usually described by a mass fraction (concentration) 



or a mole fraction for each component as 


which are related through the molecular mass, M/, asm/ = n,M , . We may then convert from 
a mole basis to a mass basis as 


m ( n,M, n,M ( /fJtot y/M/ 


(13.3) 


mtot ’ T>jM, ^Mj-Mj/ritot E y;M 


and from a mass basis to a mole basis as 

n, m,/M , m,7(M/m t ot) c,/M; 


(13.4) 


"tot E m i/< M i m tot) E c f/ M i 


The molecular mass for the mixture becomes 



(13.5) 


which is also the denominator in Eq. 13.3. 
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EXAMPLE 13.1 


A mole-basis analysis of a gaseous mixture yields the following results: 


co 2 

12.0% 

0 2 

4.0 

n 2 

82.0 

CO 

2.0 


Determine the analysis on a mass basis and the molecular mass for the mixture. 

Control mass: Gas mixture. 

State: Composition known. 


Solution 

It is convenient to set up and solve this problem as shown in Table 13.1. The mass-basis 
analysis is found using Eq. 13.3, as shown in the table. It is also noted that during this 
calculation, the molecular mass of the mixture is found to be 30.08. 

If the analysis has been given on a mass basis and the mole fractions or percentages 
are desired, the procedure shown in Table 13.2 is followed, using Eq. 13.4. 


TABLE 13.1 


C onstituent 

Percent 
by M ole 

Mole 

Fraction 

M olecular 
Mass 

M ass kg 
per kmol of 

M ixture 

Analysis 
on Mass Basis, 
Percent 

C0 2 

12 

0.12 

X 44.0 

= 5.28 

5.28 

30.08 

17.55 

0 2 

4 

0.04 

x 32.0 

= 1.28 

1.28 

30.08 " 

4.26 

n 2 

82 

0.82 

x 28.0 

= 22.96 

22.96 

30.08 " 

76.33 

CO 

2 

0.02 

x 28.0 

= 0.56 

30.08 

0.56 

30.08 

1.86 

100.00 


TABLE 13.2 


C onstituent 

Mass 

Fraction 

Molecular 

M ass 

kmol per kg 
of M ixture 

Mole 

Fraction 

M ole 
Percent 

C0 2 

0.1755 

h - 44.0 

= 0.003 99 

0.120 

12.0 

0 2 

0.0426 

h - 32.0 

= 0.00133 

0.040 

4.0 

N 2 

0.7633 

h - 28.0 

= 0.027 26 

0.820 

82.0 

CO 

0.0186 

h - 28.0 

= 0.000 66 

0.020 

2.0 




0.033 24 

1.000 

100.0 
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Consider a mixture of two gases (not necessarily ideal gases) such as that shown in 
Fig. 13.1. What properties can we experimentally measure for such a mixture? Certainly 
we can measure the pressure, temperature, volume, and mass of the mixture. We can also 
experimentally measure the composition of the mixture, and thus determine the mole and 
mass fractions. 

Suppose that this mixture undergoes a process or a chemical reaction and we wish to 
perform a thermodynamic analysis of this process or reaction. W hat type of thermodynamic 
data would we use in performing such an analysis? One possibility would be to have 
tables of thermodynamic properties of mixtures. However, the number of different mixtures 
that is possible, in regard to both the substances involved and the relative amounts of 
each, is so great that we would need a library full of tables of thermodynamic properties 
to handle all possible situations. It would be much simpler if we could determine the 
thermody namic properties of a mixtu ref rom the properties of thepurecomponents.Thisisin 
essence the approach used in dealing with ideal gases and certain other simplified modelsof 
mixtures. 

One exception to this procedure is the case where a particular mixture is encountered 
very frequently, the most familiar being air. Tables and charts of the thermodynamic proper- 
ties of air are available. However, even in this case it is necessary to define the composition 
of the "air" for which the tables are given, because the composition of the atmosphere varies 
with altitude, with the number of pollutants, and with other variables at a given location. 
The composition of air on which air tables are usually based is as follows: 


Component 

% on Mole Basis 

N itrogen 

78.10 

Oxygen 

20.95 

Argon 

0.92 

C0 2 & trace elements 

0.03 


I n this chapter we focus on mixtures of ideal gases. We assume that each component 
is uninfluenced by the presence of the other components and that each component can 
be treated as an ideal gas. In the case of a real gaseous mixture at high pressure, this 
assumption would probably not be accurate because of the nature of the interaction between 
the molecules of the different components. In this book, we will consider only a single 
model in analyzing gas mixtures, namely, the Dalton model. 


Temperature = T 



G) Pressure = P 

1 






0 

Gases A + B 
Volume V 


FIGURE 13.1 A 

mixture of two gases. 
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Dalton Model 

For the Dalton model of gas mixtures, the properties of each component of the mixture are 
considered as though each component exists separately and independently atthetemperature 
and volumeof the mixture, as shown in Fig. 13.2. Wefurther assume that both the gas mixture 
and the separated components behave according to the ideal gas model, Eqs. 3. 3-3. 6. In 
general, we would prefer to analyze gas mixture behavior on a mass basis. Flowever, in this 
particular case, it is more convenient to use a mole basis, since the gas constant is then the 
universal gas constant for each component and also for the mixture. Thus, wemay writefor 
the mixture (Fig. 13.1) 


P V = nRT 
n = n A +n B 

and for the components (Fig. 13.2) 

P A V = n A RT 
P B V = n B RT 

On substituting, we have 

n = n A +n B 
P V P A V | P B V 

Wf ~ YT + 1T 

or 

P = Pa + Pb 

where P A and P B are referred to as partial pressures. Thus, for a mixture of ideal gases, 
the pressure is the sum of the partial pressures of the individual components, where, using 
Eqs. 13.6 and 13.7, 

P A =y A P , P B =y B P < 13 ' 10 ) 

That is, each partial pressure is the product of that component's mole fraction and the 
mixture pressure. 

In determining the internal energy, enthalpy, and entropy of a mixture of ideal gases, 
the D alton model provesuseful because the assumption ismadethateachconstituentbehaves 
as though it occupies the entire volume by itself. Thus, the internal energy, enthalpy, and 
entropy can be evaluated as the sum of the respective properties of the constituent gases 
at the condition at which the component exists in the mixture. Since for ideal gases the 


(13.6) 

(13.7) 

(13.8) 

(13.9) 


Temperature = T 



s 

) Pressure = P A 







u 

Gas A 


Volume V 


Temperature = T 



s 

) Pressure = P B 







(j 

Gas B 


Volume V 


FIGURE 13.2 The 

Dalton model. 
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internal energy and enthalpy are functions only of temperature, it follows that for a mixture 
of components A and B, on a mass basis, 

U = mu — m A U / 1 +m B u B 

= m(c A u A +c B u B ) (i 3 .il) 

H = mh — m A h A + m B h B 

= m(c A h A +c B h B ) (13.12) 

In Eqs. 13.11 and 13.12, the quantities u A , u B , h A , and h B are the ideal-gas properties of 
the components at the temperature of the mixture. For a process involving a change of 
temperature, the changes in these values are evaluated by one of the three models discussed 
in Section 5.7— involving either the ideal-gas Tables A .7 or the specific heats of the compo- 
nents. In a similar manner to Eqs. 13.11 and 13.12, the mixture energy and enthalpy could 
be expressed as the sums of the component mole fractions and properties per mole. 

The ideal-gas mixture equation of state on a mass basis is 

PV=mR mix T (13.13) 


where 

R mix = — ( ^ = — (n R ) = R / M m j x (13.14) 

m\Tjm 

Alternatively, 


R mix = -{n A R- 
m 


n r R) 


1 

m 


(m A R A +m B R B ) 


= c a R a +c b R b (13.15) 

The entropy of an ideal-gas mixture is expressed as 
S = ms =m A s A +m B s B 

= m(c A s A +c B s B ) (13.16) 

It must be emphasized that the component entropies in Eq. 13.16 must each be evaluated 
at the mixture temperature and the corresponding partial pressure of the component in the 
mixture, using Eq. 13.10 in terms of the mole fraction. 

To evaluate Eq. 13.16 using the ideal-gas entropy expression 8.15, it is necessary to 
use one of the specific heat models discussed i n Section 8.7. The si mplest model is constant 
specific heat, Eq. 8.15, using an arbitrary reference state To, P o, So, for each component/ 
in the mixture at T and P : 


S; = So/ + C p o / Inf ^ - R/ In (^ 


(13.17) 
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EXAMPLE 13.2 


Consider a process with constant-mixture composition between state 1 and state 2, 
and let us calculate the entropy change for component / with Eq. 13.17. 


(S2 - Si), = So/ - So/ + C p oi 


1" In — - 

In — 1 

-R, 

ln y ' P2 

ln y ' Pl l 

L To 

T 0 J 

L Po 

Po J 


— 0 + C po/ In 


T 2 T 0 

To X 7V 


Ri In 


y/P 2 


y/P i 


= c 


pO/ 




We observe here that this expression is very similar to Eq. 8.16 and that the reference values 
So/, T 0 , Po ah cancel out, as does the mole fraction. 

An alternative model isto use the s° function defined in Eq. 8.18, in which case each 
component entropy in Eq. 13.16 is expressed as 


s/ = sO-fi/ln(^) (13.18) 

The mixture entropy could also be expressed as the sum of component properties on a mole 
basis. 


Let a massm ,4 of ideal gas A at a given pressure and temperature, P and T, be mixed with 
m B of ideal gas B at the same P and T, such that the final ideal-gas mixture is also at P 
and T. Determine the change in entropy for this process. 

Control mass: All gas (A and 8). 

Initial states: P, T known forA and 8. 

Finalstate: P, T of mixture known. 

Analysis and Solution 

The mixture entropy is given by Eq. 13.16. Therefore, the change of entropy can be grouped 
into changes forA and for 8, with each change expressed by Eq. 8.15. Since there is no 
temperature change for either component, this reduces to 

AS m ix = m A (o- R A \r\j^j+m B (o- R B \n 
= -m A R A In y A — m B R B In y e 
which can also be written in the form 

AS m ix = -n A R\ny A - n B W\ny B 


The result of Example 13.2 can readily be generalized to account for the mixing of 
any number of components at the same temperature and pressure. The result is 

AS m ix = -/T^/ifcln y k 

k 


(13.19) 
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The interesting thing about this equation is that the increase in entropy depends only on the 
number of moles of component gases and is independent of the composition of the gas. For 
example, when 1 mol of oxygen and 1 mol of nitrogen are mixed, the increase in entropy is 
the sameas when 1 mol of hydrogen and 1 mol of nitrogen aremixed. Butwealso know that 
if 1 mol of nitrogen is "mixed" with another mole of nitrogen, there is no increase in entropy. 
The question that arises is, how dissimilar must the gases be in order to have an increase in 
entropy? The answer lies in our ability to distinguish between the two gases (based on their 
different molecular masses). The entropy increases whenever we can distinguish between 
the gases being mixed. When we cannot distinguish between the gases, there is no increase 
in entropy. 

One special case that arises frequently involves an ideal-gas mixture undergoing a 
process in which there is no change in composition. Let us also assume that the constant 
specific heat model is reasonable. For this case, from Eq. 13.11 on a unit mass basis, the 
internal energy change is 

^2 - Ui = CaC v q a(T 2 - Ti) + CbC v q b(T2 - Ti) 

= C yo mix(T2 — Ti) (13.20) 

where 


C I/O mix = CaCvO a + CbC vOB 

Similarly, from Eq. 13.12, the enthalpy change is 


(13.21) 


h 2 -h 1 = c A C p0A (T 2 - Ti) + c B C p0B (T 2 - Ti) 

= 0 p0 mix(T2 — T i) 


(13.22) 


where 


C po mix — CaC po a + CsC po s (13.23) 

The entropy change for a single component was calculated from Eq. 13.17, so we 
substitute this result into Eq. 13.16 to evaluate the change as 

S2-S1 = c a (s 2 -Si) a +c b (s 2 -Si) b 

= c A C p o a In ^ - c a R a In-^+CfiCpos In = 3 - -c B R B In 

1 1 r 1 /l r 1 

= Op0mixln= — Rmixln— (13.24) 


The last expression used Eq. 13.15 for the mixture gas constant and Eq. 13.23 for the mixture 
heat capacity. We see that Eqs. 13.20, 13.22, and 13.24 are the same as those for the pure 
substance, Eqs. 5.20, 5.29, and 8.16. So we can treat a mixture similarly to a pure substance 
once the mixture properties are found from the composition and the component properties 
in Eqs. 13.15, 13.21, and 13.23. 

Thisal so implies that all the polytropic processesin a mixture can be treated similarly 
to the way it is done for a pure substance (recall Sections 8.7 and 8.8). Specifically, the 
isentropic process where s is constant leads to the power relation between temperature and 
pressure from Eq. 13.24. This is similar to Eq. 8.20, provided we use the mixture heat 
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capacity and gas constant. The ratio of specific heats becomes 


k = k m iv = 


p mix 


C p mix _ 

C v mix C p mix — R r 


and the relation can then also be written as in Eq. 8.23. 

So far, we have looked at mixtures of ideal gases as a natural extension to the descrip- 
tion of processes involving pure substances. The treatment of mixtures for nonideal (real) 
gases and multiphase states is important for many technical applications, for instance, in 
the chemical process industry, it does require a more extensive study of the properties and 
general equations of state, so wewill defer this subject to Chapter 14. 


In-Text Concept Questions 

a. A re the mass and mole fractions for a mixture ever the same? 

b. For a mixture, how many component concentrations are needed? 

c. A re any of the properties (P, T, v) for oxygen and nitrogen in air the same? 

d. If I want to heat a flow of a four-component mixture from 300 to 310 K at constant P, 
how many properties and which properties do I need to know to find the heat transfer? 

e. To evaluate the change in entropy between two states at different T and P values for 
a given mixture, do 1 need to find the partial pressures? 


13.2 


A SIMPLIFIED MODEL OF A MIXTURE INVOLVING 
GASES AND A VAPOR 


Let us now consider a simplification, which is often a reasonable one, of the problem 
involving a mixture of ideal gases that is in contact with a solid or liquid phase of one of 
the components. The most familiar example is a mixture of air and water vapor in contact 
with liquid water or ice, such as is encountered in air conditioning or in drying. We are all 
familiar with the condensation of water from the atmosphere when it cools on a summer 
day. 

This problem and a number of similar problems can be analyzed quite simply and 
with considerable accuracy if the following assumptions are made: 


1. The solid or liquid phase contains no dissolved gases. 

2 . The gaseous phase can be treated as a mixture of ideal gases. 

3 . W hen the mixture and the condensed phase are at a given pressure and temperature, 
the equilibrium between the condensed phase and its vapor is not influenced by the 
presence of the other component. This means that when equilibrium is achieved, the 
partial pressure of the vapor will be equal to the saturation pressure corresponding to 
the temperature of the mixture. 

Since this approach is used extensively and with considerable accuracy, let us give 
some attention to the terms that have been defined and the type of problems for which this 
approach is valid and relevant. In our discussion wewill refer to this as a gas- vapor mixture. 
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The dew point of a gas- vapor mixture is the temperature at which the vapor condenses 
or solidifies when it is cooled at constant pressure. This is shown on the T -s diagram for 
the vapor shown in Fig. 13.3. Suppose that the temperature of the gaseous mixture and the 
partial pressure of the vapor in the mixture are such that the vapor is initially supherheated 
at state 1. If the mixture is cooled at constant pressure, the partial pressure of the vapor 
remains constant until point 2 is reached, and then condensation begins. The temperature at 
state 2 is the dew-point temperature. Lines 1-3 on the diagram indicate that if the mixture 
iscooled atconstant volume the condensation begins at point 3, which isslightly lower than 
the dew-point temperature. 

If the vapor is at the saturation pressure and temperature, the mixture is referred to as 
a saturated mixture, and for an air-water vapor mixture, the term saturated air is used. 

The relative humidity </> is defined as the ratio of the molefraction of the vapor in the 
mixture to the mole fraction of vapor in a saturated mixture at the same temperature and 
total pressure. Si nee the vapor is considered an ideal gas, the definition reduces to the ratio 
of the partial pressure of the vapor as it exists in the mixture, P v , to the saturation pressure 
of the vapor at the same temperature, P g : 


, Pv 

< p = tt 


I n terms of the numbers on the T -s diagram of Fig. 13.3, the relative humidity </> 
would be 

*= P -± 

Pa 

Since we are considering the vapor to be an ideal gas, the relative humidity can also be 
defined in terms of specific volume or density: 


^ _ Py _ Pv _ 

Pg Pg Vi/ 


(13.25) 


The humidity ratio « of an air-water vapor mixture is defined as the ratio of the mass 
of water vapor m v to the mass of dry air m a . The term dry air is used to emphasize that 
this refers only to air and not to the water vapor. The terms specific humidity or absolute 
humidity are used synonymously with humidity ratio. 


m v 

m a 


(13.26) 


FIGURE 13.3 T-s 

diagram to show 
definition of the dew 
point. 
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This definition is identical for any other gas- vapor mixture, and the subscript a refers 
to the gas, exclusive of the vapor. Since we consider both the vapor and the mixture to be 
ideal gases, a very useful expression for the humidity ratio in terms of partial pressures and 
molecular masses can be developed. Writing 

P v V P v VM v P a V P a VM a 

ITl / — — — — — — = , tm g — — — — — — = 

RJ RT R a T RT 

we have 

P v V /R V T R a P v M V P V 
PaV/R a T = = 

For an air-water vapor mixture, this reduces to 

co = 0.622^ = 0.622 n Pv n 

Pa P tot — P v 

The degree of saturation is defined as the ratio of the actual humidity ratio to the 
humidity ratio of asaturated mixture at the same temperature and total pressure. This refers 
to the maximum amount of water that can be contained in moist air, which is seen from the 
absolute humidity in Eq. 13.28. Since the partial pressure for the air P a = P tot - P v and 
p v = (j)P g from Eq. 13.25, we can write 

d>P P 

co = 0-622 v 9 < « max = 0.622 - — 9 — (13.29) 

P tot ~ P g Ptot— Pg 

The maximum humidity ratio corresponds to a relative humidity of 100% and is a function 
of the total pressure (usually atmospheric) and the temperature due to P g . This relation is 
also illustrated in Fig. 13.4 as a function of temperature, and the function has an asymptote 
at a temperature where P g = P t0 1, which is 100°C for atmospheric pressure. The shaded 
regions are states not permissible, as the water vapor pressure would be larger than the 
saturation pressure. In a cooling process at constant total pressure, the partial pressure of 
the vapor remains constant until the dew point is reached at state 2; this is also on the 
maximum humidity ratio curve. Further cooling lowers the maximum possible humidity 
ratio, and some of the vapor condenses. The vapor that remains in the mixture is always 
saturated, and the liquid or sol id is in equilibrium with it. For example, when the temperature 
is reduced to T 3 , the vapor in the mixture is at state 3, and its partial pressure is P g at T 3 
and the liquid is at state 5 in equilibrium with the vapor. 


(13.27) 


(13.28) 


FIGURE 13.4 T-s 

diagram to show the 
cooling of a gas-vapor 
mixture at a constant 




pressure. 


O 
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EXAMPLE 13.3 


EXAMPLE 13.3E 


Consider 100 m 3 of an air-water vapor mixture at 0.1 MPa, 35°C, and 70% relative 
humidity. Calculate the humidity ratio, dew point, mass of air, and mass of vapor. 

Control mass: Mixture. 

State: P, T, 0 known; state fixed. 


Analysis and Solution 

From Eq. 13.25 and the steam tables, we have 

0 = 0.70=^ 

P v = 0.70(5.628) = 3.94 kPa 

The dew point is the saturation temperature corresponding to this pressure, which 
is 28.6°C. 

The partial pressure of the air is 

P a = P -P v = 100 - 3.94 = 96.06 kPa 


The humidity ratio can be calculated from Eq. 13.28: 

P 3 94 

co = 0.622 x -^ = 0.622 x — — 
P a 96.06 


0.0255 


The mass of air is 


m a 


P a V 96.06 x 100 
~RJ ~ 0.287 x 308.2 


108.6 kg 


The mass of the vapor can be calculated by using the humidity ratio or by using the 
ideal -gas equation of state: 


m v = com a = 0.0255(108.6) = 2.77 kg 


m v 


3.94 x 100 
0.4615 x 308.2 


= 2.77 kg 


Consider 2000 ft 3 of an air-water vapor mixture at 14.7 lbf/in. 2 , 90 F, 70% relative 
humidity. Calculate the humidity ratio, dew point, mass of air, and mass of vapor. 

Control mass: Mixture. 

State: P, T, 0 known; state fixed. 

Analysis and Solution 

From Eq. 13.25 and the steam tables, 

0 = 0.70= ^ 

P v = 0.70(0.6988) = 0.4892 lbf/in. 2 
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EXAMPLE 13.4 


The dew point is the saturation temperature corresponding to this pressure, which 
is 78.9 F. 

The parti al pressure of the ai r i s 

P a = P - P v = 14.70 - 0.49 = 14.21 lbf/in. 2 
The humidity ratio can be calculated from Eq. 13.28: 

cu = 0.622 x^ = 0.622 x = 0.02135 


The mass of air is 


m a = 


P a V 14.21 x 144 x 2000 


RJ 


53.34 x 550 


= 139.6 Ibm 


The mass of the vapor can be calculated by using the humidity ratio or by using the 
ideal-gas equation of state: 


m v = a>m a = 0.02135(139.6) = 2.98 Ibm 


m v 


0.4892 x 144 x 2000 
85.7 x 550 


2.98 Ibm 


Calculate the amount of water vapor condensed if the mixture of Example 13.3 is cooled 
to 5°C in a constant-pressure process. 


Control mass: 
Initial state: 
Final state: 
Process: 


M ixture. 

Known (Example 13.3). 
T known. 

Constant pressure. 


Analysis 

At the final temperature, 5°C, the mixture is saturated, since this is below the dew-point 
temperature. Therefore, 

P v2 = Pg2, P a2 = P ~ P v2 

and 

<W2 = 0.622^ 

' a 2 

From the conservation of mass, it follows that the amount of water condensed is equal to 
the difference between the initial and final mass of water vapor, or 

M ass of vapor condensed = m a (&>! - u> 2 ) 


Solution 


We have 

p v2 = p g2 = 0.8721 kPa 

P a 2 = 100 - 0.8721 = 99.128 kPa 
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EXAMPLE 13.4E 


Therefore, 

0.8721 

= °- 622 X 99128 = °-°° 55 

M ass of vapor condensed = m a («i - « 2 ) = 108.6(0.0255 - 0.0055) 
= 2.172 kg 


Calculate the amount of water vapor condensed if the mixture of Example 13. 3E is cooled 
to 40 F in a constant-pressure process. 


Control mass: 
Initial state: 
Final state: 
Process: 


M ixture. 

Known (Example 13. 3E). 
T known. 

Constant pressure. 


Analysis 

At the final temperature, 40 F, the mixture is saturated, since this is below the dew-point 
temperature. Therefore, 


P m2 — P gl, Pal — P ~~ P vl 

and 

on = 0 . 622 ^ 

' a 2 

From the conservation of mass, it follows that the amount of water condensed is equal to 
the difference between the initial and final mass of water vapor, or 

M ass of vapor condensed = m a (wi - mi) 

Solution 

We have 

p v2 = p g2 = 0.1217 lbf/in. 2 
P a 2 = 14.7 — 0.12 = 14.58 lbf/in. 2 

Therefore, 

on = 0.622 x = 0.00520 

14. 5o 


M ass of vapor condensed = m a (co i - on) = 139.6(0.02135 - 0.0052) 
= 2.25 Ibm 
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13.3 


THE FIRST LAW APPLIED TO 
GAS-VAPOR MIXTURES 


In applying the first law of thermodynamics to gas- vapor mixtures, it is helpful to realize 
that because of our assumption that ideal gases are involved, the various components can 
be treated separately when calculating changes of internal energy and enthalpy. Therefore, 
in dealing with air-water vapor mixtures, the changes in enthalpy of the water vapor can 
be found from the steam tables and the ideal-gas relations can be applied to the air. This is 
illustrated by the examples that follow. 


EXAMP An air-conditioning unit is shown in Fig. 13.5, with pressure, temperature, and relative 

humidity data. Calculate the heat transfer per kilogram of dry air, assuming that changes 
in kinetic energy are negligible. 


Control volume : 
Inlet state: 
Exit state: 
Process: 
Model: 


Duct, excluding cooling coils. 

Known (Fig. 13.5). 

Known (Fig. 13.5). 

Steady state with no kinetic or potential energy changes. 

Air— ideal gas, constant specific heat, value at 300 K . Water- 
steam tables. (Since the water vapor at these low pressures is 
being considered an ideal gas, the enthalpy of the water 
vapor is a function of the temperature only. Therefore, the 
enthalpy of slightly superheated water vapor is equal to the 
enthalpy of saturated vapor at the same temperature.) 


Analysis 

From the continuity equations for air and water, we have 


The first law gives 


nia i = rri a 2 
ni v 1 = m v2 + nii2 


Q c.v. + J2 li)ihi = 

Oc.s,. + m a hai + m v ihvi = m a h a2 + m v2 h v2 + m l2 hi 2 


FIGURE 13.5 Sketch 
for Example 1 3.5. 
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If we divide this equation by m a , introduce the continuity equation for the water, 
and note that m v = com a , we can write the first law in the form 



+ h a \ + a>\h v i = h a 2 + 0) 2 h v2 + (&>! — " 2)^/2 


Solution 

We have 


P v i = cpiPgi = 0.80(4.246) = 3.397 kPa 


Ra P i/l n c -,-, 
w\ = — — — = 0.622 x 


3.397 
105 - 3.4 


Rv Pal 

P v2 = <p 2 P g2 = 0.95(1.7051) = 1.620 kPa 

Ra P i/2 A ( 1-62 

R v P a 2 V 100 — 1.62 


= 0.0208 


= 0.0102 


Substituting, we obtain 

0 c.v./^a +^al + = h a 2 + C 0 2 h v2 + (tt>i — co 2 )hi 2 

Q c .M./m a = 1.004(15 - 30) + 0.0102(2528.9) 

- 0.0208(2556.3) + (0.0208 - 0.0102)(62.99) 
= -41.76 kj/kg dry air 


EXAMPLE 13.6 


A tank has a volume of 0.5 m 3 and contains nitrogen and water vapor. The temperature 
of the mixture is 50°C, and the total pressure is 2 M Pa. The partial pressure of the water 
vapor is 5 kPa. Calculate the heat transfer when the contents of the tank are cooled to 
10°C. 


Control mass: 
Initial state: 
Final state: 
Process: 
Model : 


N itrogen and water. 

P i, T i known; state fixed. 

T 2 known. 

Constant volume. 

Ideal-gas mixture; constant specific heat for nitrogen; steam 
tables for water. 


Analysis 

This is a constant-volume process. Since the work is zero, the first law reduces to 
0 =U 2 -U! = m^ 2 C V (n 2 )(T 2 - Ti) + (m 2 u 2 ) v + (m 2 u 2 )/ - (m 1 u 1 ) v 


538 ■ CHAPTER THIRTEEN GAS MIXTURES 


This equation assumes that some of the vapor condensed. This assumption must be 
checked, however, as shown in the solution. 


Solution 


The mass of nitrogen and water vapor can be calculated using the ideal-gas equation of 
state: 


m « 2 = 


Pn 2 V 
R n 2 T 


1995 x 0.5 
0.2968 x 323.2 


10.39 kg 


m v i = 


PviV 


5 x 0.5 


= 0.016 76 kg 


RJ 0.4615 x 323.2 

If condensation takes place, the final state of the vapor will be saturated vapor at 
10°C. Therefore, 


m v2 = 


PviV 


1.2276 x 0.5 


= 0.004 70 kg 


R V T 0.4615 x 283.2 

Since this amount is less than the original mass of vapor, there must have been 
condensation. 

The mass of liquid that is condensed, m/ 2 , is 

m /2 = m v i - m v2 = 0.016 76 - 0.004 70 = 0.012 06 kg 

The internal energy of the water vapor is equal to the internal energy of saturated 
water vapor at the same temperature. Therefore, 


u Vl = 2443.5 kj /kg 
u V2 = 2389.2 kj/kg 
U /2 = 42.0 kj/kg 

Q' c . v . = 10.39 x 0.745(10 - 50) + 0.0047(2389.2) 
+ 0.012 06(42.0) - 0.016 76(2443.5) 

= -338.8 kj 


13.4 


THE ADIABATIC SATURATION PROCESS 


An important process for an air-water vapor mixture is the adiabatic saturation process. In 
this process, an air-vapor mixture comes in contact with a body of water in a well-insulated 
duct (Fig. 13.6). If the initial humidity is less than 100%, some of the water will evaporate 


FIGURE 13.6 The 

adiabatic saturation 
process. 


Air + vapor _ 
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Y//////////////////////////////Z 



Water 


Saturated 

air-vapor 

mixture 
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and the temperature of the air- vapor mixture will decrease. If the mixture leaving the duct is 
saturated and if the process is adiabatic, the temperature of the mixture on leaving is known 
as the adiabatic saturation temperature. For this to take place as a steady-state process, 
makeup water at the adiabatic saturation temperature is added at the same rate at which 
water is evaporated. The pressure is assumed to be constant. 

Considering the adiabatic saturation process to be a steady-state process, and neglect- 
ing changes in kinetic and potential energy, the first law reduces to 

ha 1 + + (&>2 — 0)i)hi2 — h a 2 + C02h v 2 

a>i(h v i - hi 2 ) — C pa (T 2 - Ti) + o>2(h V 2 - h/2) 


coi(h v i - h/ 2 ) — C pa (T 2 - T 1) + a>2 h f g 2 (13.30) 

The most significant point to be made about the adiabatic saturation process is that 
the adiabatic saturation temperature, the temperature of the mixture when it leaves the duct, 
is a function of the pressure, temperature, and relative humidity of the entering air-vapor 
mixture and of the exit pressure. Thus, the relative humidity and the humidity ratio of the 
entering air-vapor mixture can be determined from the measurements of the pressure and 
temperature of theair- vapor mixture entering and leaving the adiabatic saturator. Si nee these 
measurements are relatively easy to make, this is one means of determining the humidity 
of an air- vapor mixture. 


EXAMP1 ; The pressure of the mixture entering and leaving the adiabatic saturator is 0.1 M Pa, the 

entering temperature is 30°C, and the temperature leaving is 20°C, which is the adiabatic 
saturation temperature. Calculate the humidity ratio and relative humidity of the air- water 
vapor mixture entering. 


Control volume: 
Inlet state: 
Exit state: 
Process: 
Model: 


Adiabatic saturator. 

Pi, Ti known. 

P 2, T 2 known; 02 = 100%; state fixed. 

Steady state, adiabatic saturation (Fig. 13.6). 

Ideal-gas mixture; constant specific heat for air; steam 
tables for water. 


Analysis 

Use continuity and the first law, Eq. 13.30. 

Solution 

Since the water vapor leaving is saturated, P v2 = P g 2 and 022 can be calculated. 

0)2 = 0.622 x ( inn 2 ' 33 ^ ) = 0.0149 
VlOO — 2.34 7 
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EXAMPLE 13.7E 


a ) i can be calculated using Eq. 13.30. 

_ C p a (T 2 — T i) + &>2/l fg2 
1 (hvi-hu) 

1.004(20 - 30) + 0.0149 x 2454.1 
_ 2556.3 - 83.96 

an = 0.0107 = 0.622 x ( P>/1 n ) 

V 100 - P v iJ 


Pv 1 = 
01 = 


1.691 kPa 
Pvi _ 1-691 
P 9 i ~ 4.246 


0.398 


0.0107 


The pressure of the mixture entering and leaving the adiabatic saturator is 14.7 lbf/in. 2 , 
the entering temperature is 84 F, and the temperature leaving is 70 F, which is the adiabatic 
saturation temperature. Calculate the humidity ratio and relative humidity of the air- water 
vapor mixture entering. 


Control volume : 
Inlet state: 
Exit state: 
Process: 
Model: 


Adiabatic saturator. 

P i, T i known. 

P 2 , T 2 known; 02 = 100%; state fixed. 

Steady state, adiabatic saturation (Fig. 13.6). 
Ideal-gas mixture; constant specific heat for air; 
steam tables for water. 


Analysis 


Usecontinuity and the first I aw, Eq. 13.30. 


Solution 


Since the water vapor leaving is saturated, P v2 = P g 2 and C 02 can be calculated. 

0.3632 


C 02 = 0.622 x 

u>i can be calculated using Eq. 13.30. 

_ C pa (T 2 - 7~i) + C02h fg2 
(hvi — h/2) 


14.7-0.36 


= 0.01573 


0.24(70 - 84) + 0.01573 x 1054.0 
- 1098.1 - 38.1 

« = ' 0622 *(m+)=' 00125 

P vl = 0.289 


01 


Pvl 
Pg 1 


0.289 

0.584 


0.495 


-3.36 + 16.60 
10600 


0.0125 
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In-Text Concept Questions 

f. What happens to relative and absolute humidity when moist air is heated? 

g. If I cool moist air, do I reach the dew point first in aconstant-P or constant-1/ 
process? 

h. What happens to relative and absolute humidity when moist air is cooled? 

i. Explain in words what the absolute and relative humidity express. 

j. In which direction does an adiabatic saturation process change <t>, w, and T? 


13.5 


ENGINEERING APPLICATIONS— WET-BULB 
AND DRY-BULB TEMPERATURES AND 
THE PSYCHROMETRIC CHART 


The humidity of air-water vapor mixtures has traditionally been measured with a device 
called a psychrometer, which usestheflow of airpastwet-bulb and dry-bulb thermometers. 
The bulb of the wet-bulb thermometer is covered with a cotton wick saturated with water. 
The dry-bulb thermometer is used simply to measure the temperature of the air. The air 
flow can bemaintained by afan, as shown in the continuous-flow psychrometer depicted in 
Fig. 13.7. 

The processes that take pi ace at the wet-bulb thermometer are somewhat complicated. 
First, if the air- water vapor mixture is not saturated, some of the water in the wick evaporates 
and diffuses into the surrounding air, which cools the water in the wick. As soon as the 
temperature of the water drops, however, heat is transferred to the water from both the air 
and the thermometer, with corresponding cooling. A steady state, determined by heat and 
mass transfer rates, will be reached, in which the wet-bulb thermometer temperature is lower 
than the dry-bulb temperature. 


FIGURE 13.7 

Steady-flow apparatus 
for measuring wet- and 
dry-bulb temperatures. 



Water reservoir 
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It can be argued that this evaporative cooling process is very similar, but not identical, 
to the adiabatic saturation process described and analyzed in Section 13.4. In fact, the 
adiabatic saturation temperature is often termed the thermodynamic wet- bulb temperature. It 
isclear, however, that the wet-bulbtemperatureasmeasured by a psychrometer is influenced 
by heat and mass transfer rates, which depend, for example, on the airflow velocity and not 
simply on thermodynamic equilibrium properties, it does happen that the two temperatures 
are very close for air-water vapor mixtures at atmospheric temperature and pressure, and 
they will be assumed to be equivalent in this book. 

In recent years, humidity measurements have been made using other phenomena and 
other devices, primarily electronic devices for convenience and simplicity. For example, 
some substances tend to change in length, in shape, or in electrical capacitance, or in a 
number of other ways, when they absorb moisture. They are therefore sensitive to the 
amount of moisture in the atmosphere. An instrument making use of such a substance can 
be calibrated to measure the humidity of air-water vapor mixtures. The instrument output 
can be programmed to furnish any of the desired parameters, such as relative humidity, 
humidity ratio, or wet-bulb temperature. 

Properties of air-water vapor mixtures are given in graphical form on psychro- 
metric charts. These are available in a number of different forms, and only the main fea- 
tures are considered here. It should be recalled that three independent properties— such 
as pressure, temperature, and mixture composition— will describe the state of this binary 
mixture. 

A simplified version of the chart included in Appendix E, Fig. E.4, is shown in 
Fig. 13. 8. This basic psychrometric chart isa plot of humidity ratio (ordinate) as a function of 
dry-bulb temperature (abscissa), with relative humidity, wet-bulb temperature, and mixture 
enthalpy per mass of dry air as parameters. If we fix the total pressure for which the chart 
is to be constructed (which in our chart is 1 bar, or 100 kPa), lines of constant relative 


FIGURE 13.8 

Psychrometric chart. 
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humidity and wet-bulb temperature can be drawn on the chart, because for a given dry- 
bulb temperature, total pressure, and humidity ratio, the relative humidity and wet-bulb 
temperature are fixed. The partial pressure of the water vapor is fixed by the humidity 
ratio and the total pressure, and therefore a second ordinate scale that indicates the partial 
pressure of the water vapor could be constructed. It would also be possible to include the 
mixture- specific volume and entropy on the chart. 

M ost psychrometric charts give the enthalpy of an air- vapor mixture per kilogram of 
dry air. The values given assume that the enthalpy of the dry air is zero at -20°C, and the 
enthalpy of the vapor is taken from the steam tables (which are based on the assumption 
that the enthalpy of saturated liquid is zero at CPC). The value used in the psychrometric 
chart is then 


h =h a - h g (-20°C) + coh v 

This procedure is satisfactory because we are usually concerned only with differences in 
enthalpy. That the lines of constant enthalpy are essentially parallel to lines of constant 
wet-bulb temperature is evident from the fact that the wet-bulb temperature is essentially 
equal to the adiabatic saturation temperature. Thus, in Fig. 13.6, if we neglect the enthalpy 
of the liquid entering the adiabatic saturator, the enthalpy of the air-vapor mixture leaving 
at a given adiabatic saturation temperature fixes the enthalpy of the mixture entering. 

The chart plotted in Fig. 13.8 also indicates the human comfort zone, as the range 
of conditions most agreeable for human well-being. An air conditioner should then be able 
to maintain an environment within the comfort zone regardless of the outside atmospheric 
conditions to be considered adequate. Some charts are available that give corrections for 
variation from standard atmospheric pressures. Before using a given chart, one should fully 
understand the assumptions made in constructing itand should recognizethatitisapplicable 
to the particular problem at hand. 

The direction in which various processes proceed for an air-water vapor mixture is 
shown on the psychrometric chart of Fig. 13.9. For example, a constant-pressure cooling 
process beginning at state 1 proceeds at constant humidity ratio to the dew point at state 
2, with continued cooling below that temperature moving along the saturation line (100% 
relative humidity) to point 3. Other processes could be traced out in a similar manner. 

Several technical important processes involve atmospheric air that is being heated 
or cooled and water is added or subtracted. Special care is needed to design equipment 


FIGURE 13.9 

Processes on a 
psychrometric chart. 
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that can withstand the condensation of water so that corrosion is avoided. In building an 
air-conditioner whether it is a single window unit or a central air-conditioning unit, liquid 
water will appear when air is being cooled below the dew point, and a proper drainage 
system should be arranged. 

An example of an air-conditioning unit is shown in Fig. 13.10. It is operated in cooling 
mode, so the inside heat exchanger is the cold evaporator in a ref rigeration cycle. The outside 
unit contains thecompressor and the heat exchanger thatf unctions as the condenser, rejecting 
energy to the ambient air as the fan forces air over the warm surfaces. The same unit can 
function as a heat pump by reversing the two flows in a double-acting valve so that the 
inside heat exchanger becomes the condenser and the outside heat exchanger becomes the 
evaporator. In this mode, it is possible to form frost on the outside unit if the evaporator 
temperature is low enough. 

A refrigeration cycle is also used in a smaller dehumidifier unit shown in Fig. 13.11, 
where a fan drives air in over the evaporator, so that it cools below the dew point and liquid 
water forms on the surfaces and dri ps i nto a contai ner or drai n. A fter some water i s removed 
from the air, it flows over the condenser that heats the air flow, as illustrated in Fig. 13.12. 
This figure also shows the refrigeration cycle schematics. Looking at a control volume that 
includes all the components, we see that the net effect is to remove some relatively cold 
liquid water and add the compressor work, which heats up the air. 

The cooling effect of the adiabatic saturation process is used in evaporative cooling 
devices to bring some water to a lower temperature than a heat exchanger alone could 
accomplish under a given atmospheric condition. On a larger scale, this process is used for 
power plants when there is no suitable large body of water to absorb the energy from the 
condenser. A combination with a refrigeration cycle is shown in Fig. 13.13 for building 
air-conditioning purposes, where the cooling tower keeps a low high temperature for the 
refrigeration cycle to obtain a large COP. M uch larger cooling towers are used for the power 
plants shown in Fig. 13.14 to make cold water to cool the condenser. As some of the water 
in both of these units evaporates, the water must be replenished. A large cloud is often seen 
rising from these towers as the water vapor condenses to form small droplets after mixing 
with more atmospheric air. 


Cold air 


FIGURE 13.10 An air 

conditioner operating in 
cooling mode. 
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FIGURE13.il A 

household dehumidifier 
unit. 
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FIGURE 13.12 The 

dehumidifier schematic. 
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FIGURE 13.13 A 

cooling tower with 
evaporative cooling for 
building air-conditioning 
use. 



FIGURE 13.14 A 

cooling tower for a 
power plant with 
evaporative cooling. 
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SUMMARY 


KEY CONCEPTS 
AND FORMULAS 


A mixture of gases is treated from the specification of the mixture composition of the 
various components based on mass or on moles. This leads to the ass fractions and 
mole fractions, both of which can be called concentrations. The mixture has an overall 
average molecular mass and other mixture properties on a mass or mole basis. Further 
simple models includes Dalton's model of ideal mixtures of ideal gases, which leads to 
partial pressures as the contribution from each component to the total pressure given by 
the mole fraction. As entropy is sensitive to pressure, the mole fraction enters into the 
entropy generation by mixing. However, for processes other than mixing of different com- 
ponents, we can treat the mixtureas we treat a pure substance by using the mixture properties. 

Special treatment and nomenclature are used for noist air as a mixture of air and 
water vapor. The water content is quantified by the relative humidity (how close the water 
vapor is to a saturated state) or by the humidity ratio (also called absolute humidity). As 
moist air is cooled down, it eventually reaches the dew point (relative humidity is 100%), 
where we have saturated moist air. Vaporizing liquid water without external heat transfer 
gives an adiabatic saturation process also used in a process called evaporative cooling. In an 
actual apparatus, we can obtain wet-bulb and dry-bulb temperatures indirectly, measuring 
the humidity of the incoming air. These property relations are shown in a psychrometric 
chart. 

You should have learned a number of skills and acquired abilities from studying this 
chapter that will allow you to: 

• Handle the composition of a multicomponent mixture on a mass or mole basis. 

• Convert concentrations from a mass to a mole basis and vice versa. 

• Compute average properties for the mixture on a mass or mole basis. 

• Know partial pressures and how to evaluate them. 

• Know how to treat mixture properties (such as v, u, h, s, C p mix. and R mi x). 

• Find entropy generation by a mixing process. 

• Formulate the general conservation equations for mass, energy, and entropy for the 
case of a mixture instead of a pure substance. 

• Know how to use the simplified formulation of the energy equation using the frozen 
heat capacities for the mixture. 

• Deal with a polytropic process when the substance is a mixture of ideal gases. 

• Know the special properties {<p, co) describing humidity in moist air. 

• Have a sense of what changes relative humidity and humidity ratio and know that you 
can change one and not the other in a given process. 


Composition 

.. ... m, y, M 

M ass concentration q = — = ^ 

m tot y yj m j 

M ole concentration y, = — = C| ^' — 

"tot 

M mix = J2y /Mi 


M olecular mass 
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Properties 

1 nternal energy 

Umix — 'y ' QU/ 1 

Umix — y ' y/U/ — UmixM mix 

Enthalpy 

^mix = y ' C/h; 1 

^mix = y ' Yi^i = h m j x M mix 

Gas constant 

P mix = P~/M mix = J2 CiR i 


Heat capacity frozen 

C v mix = y ' O C VI ; 

C i/ mix = y ' Yi C v / 


C v mix = C p m jx — fi mix! 

C v mix — C p mix — R 

Ratio of specific heats 

C p mix = y ' O C p / ; 

^mix — C p mix/C v mix 

C p mix = y ' YiC p i 

Dalton model 

P/=y/P tot & 

Vi = 1/tot 

Entropy 

Smix = y ' CjSj 

Smix = y ' y/Sj 

Component entropy 

Si = Sji - Rj In [y/P/Po] 

Si = Sji -Ri In [y/P/Po] 

Air-Water M ixtures 



Relative humidity 

, p v 

<P=y 

r 9 


Humidity ratio 

m mv 0 622 Pv 0 622 

<P p g 

m a ’ P a 

P tot ~ (p P g 

Enthalpy per kg dry air 

h =h a + wh v 



CONCEPT-STUDY GUIDE PROBLEMS 

13.1 Equal masses of argon and helium are mixed. Is 
the molecular mass of the mixture the linear aver- 
age of the two individual ones? 

13.2 Constant flows of pure argon and pure helium are 
mixed to produce a flow of mixture mole fractions 
0.25 and 0.75, respectively. Explain how to meter 
the inlet flows to ensure the proper ratio, assuming 
inlet pressures are equal to the total exit pressure 
and all temperatures are the same. 

13.3 For a gas mixture in a tank, are the partial pres- 
sures important? 

13.4 An ideal mixture at T , P ismadefrom ideal gases 
at T, P by charging them into a steel tank. As- 
sume heat is transferred, so T stays the same as 
the supply. How do the properties (P, v, and u) 
for each component i ncrease, decrease, or remai n 
constant? 

13.5 An ideal mixture at7\P is made from ideal gases 
at T , P by flow into a mixing chamber with no 
external heat transfer and an exit at P. How do 


the properties (P, v, and h ) for each component 
increase, decrease, or remain constant? 

13.6 If a certain mixture is used in a number of differ- 
ent processes, is it necessary to consider partial 
pressures? 

13.7 Why is it that a set of tables for air, which is a mix- 
ture, can be used without dealing with its compo- 
sition? 

13.8 Develop a formula to show how the mass fraction 
of water vapor is connected to the humidity ratio. 

13.9 ForairatllO°C and 100 kPa, isthereany limiton 
the amount of water it can hold? 

13.10 Can moist air below the freezing point, say -5°C, 
have a dew point? 

13.11 Why does a car with an air conditioner running 
often have water dripping out? 

13.12 M oist air at 35°C, a = 0.0175, and O = 50% 
should be brought to a state of 20°C, co = 0.01, 
and $ = 70%. Is it necessary to add or subtract 
water? 


HOMEWORK PROBLEMS ■ 549 


HOMEWORK PROBLEMS 

M ixture C omposition and Properties 

13.13 A 3-L liquid mixture consists of one-third water, 
ammonia, and ethanol by volume. Find the mass 
fractions and total mass of the mixture. 

13.14 If oxygen is 21% by mole of air, what is the oxy- 
gen state (P, T, v) in a room at 300 K, 100 kPa of 
total volume 60 m 3 ? 

13.15 A gas mixture at 120°C and 125 kPa is 50% 
nitrogen, 30% water, and 20% oxygen on a mole 
basis. Find the mass fractions, the mixture gas 
constant, and the volume for 5 kg of mixture. 

13.16 A mixture of 60% nitrogen, 30% argon, and 10% 
oxygen on a mass basis is in a cylinder at 250 kPa 
and 310 K with a volume of 0.5 m 3 . Find the mole 
fractions and the mass of argon. 

13.17 A mixture of 60% nitrogen, 30% argon, and 10% 
oxygen on a mole basis is in a cylinder at 250 kPa 
and 310 K with a volumeof 0.5 m 3 . Find themass 
fractions and the mass of argon. 

13.18 A flow of oxygen and one of nitrogen, both 300 K, 
are mixed to produce 1 kg/s air at 300 K, 100 kPa. 
What are the mass and volume flow rates of each 
line? 

13.19 A new refrigerant, R-407, is a mixture of 23% R- 
32, 25% R-125, and 52% R-134a on a mass basis. 
Find the mole fractions, the mixture gas constant, 
and the mi xture heat capaci ti es f or thi s ref ri gerant. 

13.20 A 100-m 3 storage tank with fuel gases is at 20°C 
and 100 kPa containing a mixture of acetylene 
(C 2 H 2 ), propane (C 3 H 8 ), and butane (C 4 H i 0 ). A 
test shows that the partial pressure of the C 2 H 2 
is 15 kPa and that of C 3 H 8 is 65 kPa. Flow much 
mass is there of each component? 

13.21 A 2-kg mixture of 25% nitrogen, 50% oxygen, 
and 25% carbon dioxide by mass is at 150 kPa 
and 300 K . Find the mixture gas constant and the 
total volume. 

13.22 The refrigerant R-410a is a mixture of R -32 and 
R-125 in a 1:1 mass ratio. What are the overall 
molecular mass, the gas constant, and the ratio of 
specific heats for such a mixture? 

13.23 Do Problem 13.22 for R -507a, which isa 1:1 mass 
ratio of R-125 and R - 143a. T he refri gerant R- 143a 
has a molecular mass of 84.041, and C p = 0.929 
kj /kg K . 


Simple Processes 

13.24 A rigid container has 1 kg carbon dioxide at 
300 K and 1 kg argon at 400 K , both at 150 kPa. 
Now they are allowed to mix without any heat 
transfer. W hat are the fi nal T and P ? 

13.25 At a certain point in a coal gasification process, 
a sample of the gas is taken and stored in a 1-L 
cylinder. An analysis of the mixture yields the fol- 
lowing results: 


Component 

H ydrogen 

Carbon 

M onoxide 

Carbon 

Dioxide 

N itrogen 

Percent by 
mass 

2 

45 

28 

25 


Determine the mole fractions and total mass in 
the cylinder at 100 kPa and 20°C. Flow much heat 
must be transferred to heat the sample at constant 
volume from the initial state to 100°C? 

13.26 The mixture in Problem 13.21 is heated to 500 K 
with constant volume. Find the final pressure and 
the total heat transfer needed using Table A .5. 

13.27 The mixture in Problem 13.21 is heated up to 
500 Kina constant-pressure process. Find the 
final volume and the total heat transfer using 
Table A. 5. 

13.28 A flow of 1 kg/s argon at 300 K mixes with another 
flow of 1 kg/s carbon dioxide at 1600 K, both at 
150 kPa, in an adiabatic mixing chamber. Find the 
exit 7 and P, assuming constant specific heats. 

13.29 Repeat the previous problem using variable spe- 
cific heats. 

13.30 A rigid insulated vessel contains 12 kg of oxy- 
gen at 200 kPa and 280 K separated by a mem- 
branefrom 26 kg of carbon dioxideat 400 kPa and 
360 K .Themembraneisremoved, andthemixture 
comes to a uniform state. Find the final tempera- 
ture and pressure of the mixture. 

13.31 An insulated constant-pressure mixing chamber 
receives a steady flow of 0.1 kg/s carbon diox- 
ide at 1000 K in one line and 0.2 kg/s nitrogen at 
400 K in another line, both at 100 kPa. Use con- 
stant specific heats and find the exit temperature 
of the mixing chamber. 


550 ■ CHAPTER THIRTEEN GAS MIXTURES 


13.32 A pipe flows 1.5 kg/s of a mixture with massfrac- 
tionsof 40% carbon dioxide and 60% nitrogen at 
400 kPa and 300 K, shown in Fig. P13.32. Heat- 
ing tape is wrapped around a section of pipe with 
insulation added, and 2 kW of electrical power is 
heating the pipe flow. Find the mixture exit tem- 
perature. 


-2 kW 



FIGURE PI 3.32 


13.33 An insulated gas turbine receives a mixtureof 10% 
carbon dioxide, 10% water, and 80% nitrogen on 
a mass basis at 1000 K and 500 kPa. The inlet 
volume flow rate is 2 m 3 /s, and the exhaust is at 
700 K and 100 kPa. Find the power output in kilo- 
watts using constant specific heatfrom Table A .5 
at 300 K . 

13.34 Solve Problem 13.33 using values of enthalpy 
from Table A. 8. 

13.35 Solve Problem 13.33 with the percentages on a 
mole basis. 

13.36 Solve Problem 13.33 with the percentages on a 
mole basis and useTableA.9. 

13.37 A mixture of 0.5 kg of nitrogen and 0.5 kg of oxy- 
gen is at 100 kPa and 300 Kina piston/cylinder 
keeping constant pressure. Now 800 kj is added 
by heating. Find the final temperature and the in- 
crease in entropy of the mixture using Table A .5 
values. 

13.38 Repeat Problem 13.37, but solve using values 
from Table A. 8. 

13.39 Natural gas as a mixture of 75% methane and 25% 
ethane by mass is flowing to a compressor at 17°C 
and 100 kPa. The reversible adiabatic compressor 
brings the flow to 250 kPa. Find the exit tempera- 
ture and the needed work per kilogram of flow. 

13.40 The refrigerant R-410a is a mixture of R-32 and 
R -125 in a 1:1 mass ratio. A process brings 0.5 kg 
R -410a from 270 K to 320 K at a constant pressure 
of 250 kPa in a piston/cylinder. Find the work and 
heat transfer. 


13.41 A piston/cylinder devicecontainsO.l kg ofamix- 
ture of 40% methane and 60% propane by mass at 
300 K and 100 kPa. The gas is now slowly com- 
pressed in an isothermal (T = constant) process 
to a final pressure of 250 kPa. Show the process 
inaP-l/ diagram and find both the work and heat 
transfer in the process. 

13.42 The refrigerant R-410a (see Problem 13.40) is at 
100 kPa and 290 K . It is now brought to 250 kPa 
and 400 K in a reversible polytropic process. Find 
the change in specific volume, specific enthalpy, 
and specific entropy for the process. 

13.43 A compressor brings R-410a (see Problem 13.40) 
from -10°C and 125 kPa up to 500 kPa in an 
adiabatic reversible compression. Assume ideal- 
gas behavior and find the exit temperature and the 
specific work. 

13.44 Two insulated tanks A and B are connected by a 
valve, shown in Fig. P13.44. TankA hasa volume 
of 1 m 3 and initially contains argon at 300 kPaand 
10°C. Tank B has a volume of 2 m 3 and initially 
contains ethane at 200 kPa and 50°C. The valve 
isopened and remainsopen until the resulting gas 
mixture comes to a uniform state. Determine the 
final pressure and temperature. 



13.45 The exit flow in Problem 13.31 at 100 kPa is com- 
pressed by a reversible adiabatic compressor to 
500 kPa. U se constant specific heats and find the 
needed power to the compressor. 

13.46 A mixture of 2 kg of oxygen and 2 kg of argon 
is in an insulated piston/cylinder arrangement at 
100 kPa and 300 K. The piston now compresses 
the mixture to half of its initial volume. Find the 
final pressure, thefinal tern perature, and the pi ston 
work. 

13.47 A piston/cylinder has a 0.1-kg mixture of 25% 
argon, 25% nitrogen, and 50% carbon dioxide by 
mass at a total pressure of 100 kPa and 290 K . 
N ow the piston compresses the gases to a volume 
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seven times smaller in a polytropic process with 
n — 1.3. Find the final T and P, the work, and the 
heat transfer for the process. 

13.48 The gas mixture from Problem 13.25 is com- 
pressed in a reversible adiabatic process from the 
initial state in the sample cylinder to a volume 
of 0.2 L. Determine the final temperature of the 
mixture and the work done during the process. 

Entropy Generation 

13.49 A flow of gas A and a flow of gas B are mixed 
in a 1:1 mole ratio with the same T. What is the 
entropy generation per kmoleflow out? 

13.50 A rigid container has 1 kg argon at 300 K and 1 
kg argon at 400 K , both at 150 kPa. N ow they are 
allowed to mix without any external heat transfer. 
What is the final T and P? Is any s generated? 

13.51 What is the rate of entropy increase in Problem 
13.24? 

13.52 A flow of 2 kg/s mixture of 50% carbon dioxide 
and 50% oxygen by mass is heated in a constant- 
pressure heat exchanger from 400 K to 1000 K by 
a radiation source at 1400 K . Find the rate of heat 
transfer and the entropy generation in the process 
shown in Fig. P13.52. 


1400 K 



13.53 A flow of 1.8 kg/s steam at 400 kPa, 400°C, is 
mixed with 3.2 kg/s oxygen at 400 kPa, 400 K , in 
a steady-flow mixing chamber without any heat 
transfer. Find the exit temperature and the rate of 
entropy generation. 

13.54 Carbon dioxide gas at 320 K is mixed with nitro- 
gen at 280 K in an insulated mixing chamber. B oth 
flows are at 100 kPa, and the mass ratio of carbon 
dioxide to nitrogen is 2:1. Find the exit tempera- 
ture and the total entropy generation perkilogram 
of the exit mixture. 

13.55 Carbon dioxide gas at 320 K is mixed with ni- 
trogen at 280 K in an insulated mixing chamber. 


Both flows are coming in at 100 kPa, and the mole 
ratio of carbon dioxide to nitrogen is 2:1. Find the 
exit temperature and the total entropy generation 
per kmole of the exit mixture. 

13.56 A flow of 1 kg/s carbon dioxide at 1600 K , 100 kPa 
is mixed with a flow of 2 kg/s water at 800 K, 
100 kPa. After the mixing it goes through a heat 
exchanger, where it is cooled to 500 K by a 400 
K ambient. Flow much heat transfer is taken out 
in the heat exchanger? W hat is the entropy gener- 
ation rate for the whole process? 

2out 



FIGURE PI 3.56 

13.57 The only known sources of helium are the atmo- 
sphere (mole fraction approximately 5 x 10 6 ) 
and natural gas. A large unit is being constructed 
to separate 100 m 3 /s of natural gas, assumed to be 
0.001 helium mole fraction and 0.999 methane. 
The gas enters the unit at 150 kPa, 10°C. Pure 
helium exits at 100 kPa, 20°C, and pure methane 
exits at 150 kPa, 30°C . A ny heat transfer is with 
the surroundings at 20°C. Is an electrical power 
input of 3000 kW sufficient to drive this unit? 

13.58 Repeat Problem 13.39 for an isentropic compres- 
sor efficiency of 82%. 

13.59 A steady flow of 0.3 kg/s of 50% carbon dioxide 
and 50% water mixture by mass at 1200 K and 
200 kPa is used in a constant-pressure heat ex- 
changer where 300 kW is extracted from theflow. 
Find the exit temperature and rate of change in 
entropy using Table A. 5. 

13.60 Solve the previous problem using Table A. 8. 

13.61 A mixture of 60% helium and 40% nitrogen by 
mass enters a turbine at 1 M Pa and 800 K at a 
rate of 2 kg/s. The adiabatic turbine has an exit 
pressure of 100 kPa and an isentropic efficiency 
of 85%. Find the turbine work. 

13.62 Three steady flows are mixed in an adiabatic 
chamber at 150 kPa. Flow one is 2 kg/s of oxygen 
at 340 K , flow two is 4 kg/s of nitrogen at 280 K , 
and flow three is 3 kg/s of carbon dioxide at 
310 K . A II flows are at 150 kPa, the same as the 
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total exit pressure. Find the exit temperature and 
the rate of entropy generation in the process. 

13.63 A tank has two sides initially separated by a di- 
aphragm, shown in Fig. P13.63. SideA contains 
1 kg of water and side B contains 1.2 kg of air, 
both at 20°C and 100 kPa. The diaphragm is now 
broken, and thewholetank is heated to 600°C by a 
700°C reservoir. Find the final total pressure, heat 
transfer, and total entropy generation. 



FIGURE PI 3.63 

13.64 Reconsider Problem 13.44, butletthetankshavea 
small amount of heat transfer so that the final mix- 
ture is at 400 K . Find the final pressure, the heat 
transfer, and the entropy change for the process. 

Air-Water Vapor M ixtures 

13.65 Atmosphericairisatl00kPaand25°C witharel- 
ative humidity of 75%. Findtheabsolutehumidity 
and the dew point of the mixture. If the mixture is 
heated to 30°C, what is the new relative humidity? 

13.66 A 1-kg/s flow of saturated moist air (relative hu- 
midity 100%) at 100 kPa and 10°C goes through 
a heat exchanger and comes out at 25°C . W hat is 
the exit relative humidity and how much power is 
needed? 

13.67 If air is at 100 kPa and (a) -10°C, (b) 45°C, and 
(c) 110°C, what is the maximum humidity ratio 
the air can have? 

13.68 A new high-efficiency home heating system in- 
cludes an air-to-air heat exchanger, which uses 
energy from outgoing stale air to heat the fresh 
incoming air. If the outside ambient temperature 
is -10°C and the relative humidity is 30%, how 
much water will have to be added to the incoming 
air if it flows in at the rate of 1 m 3 /s and must 
eventually be conditioned to 20°C and 40% rela- 
tive humidity? 

13.69 Consider 100 m 3 of atmospheric air, which is an 
air- water vapor mixture at 100 kPa, 15°C, and 


40% relative humidity. Find the mass of water and 
the humidity ratio. What is the dew point of the 
mixture? 

13.70 A 2-kg/s flow of completely dry air at T i and 100 
kPa is cooled down to 10°C by spraying liquid 
water at 10°C and 100 kPa into it so that it be- 
comes saturated moist air at 10°C. The process 
is steady state with no external heat transfer or 
work. Find the exit moist air humidity ratio and 
the flow rate of liquid water. Find also the dry air 
inlet temperature Ti. 

13.71 The products of combustion are flowing through 
a heat exchanger with 12% carbon dioxide, 13% 
water, and 75% nitrogen on a volume basis at the 
rate 0.1 kg/s and 100 kPa. What is the dew-point 
temperature? If the mixture is cooled 10°C below 
the dew-point temperature, how long will it take 
to collect 10 kg of liquid water? 

13.72 Consider a 1 m 3 /s flow of atmospheric air at 100 
kPa, 25°C, and 80% relative humidity. Assume 
this flows into a basement room, where it cools 
to 15°C at 100 kPa. Flow much liquid water will 
condense out? 

13.73 Ambient moist air enters a steady-flow air- 
conditioning unit at 102 kPa and 30°C with 60% 
relative humidity. The volume flow rate entering 
the unit is 100 L/s. The moist air leaves the unit 
at 95 kPa and 15°C with a relative humidity of 
100%. Liquid condensate also leaves the unit at 
15°C. Determine the rate of heat transfer for this 
process. 

13.74 A room with 50 kg of dry air at 40% relative hu- 
midity, 20°C, is moistened by boiling water to a 
final stateof 20°C and 100% humidity. How much 
water was added to the air? 

13.75 Consider a 500-L rigid tank containing an air- 
water vapor mixture at 100 kPa and 35°C with 
70% relative humidity. The system is cooled until 
the water just begins to condense. Determine the 
final temperature in the tank and the heat transfer 
for the process. 

13.76 A saturated air-water vapor mixture at 20°C, 
100 kPa, is contained in a 5-m 3 closed tank in 
equilibrium with 1 kg of liquid water. The tank 
is heated to 80°C. Is there any liquid water at the 
final state? Find the heat transfer for the process. 

13.77 A flow of 0.2 kg/s liquid water at 80°C is sprayed 
into a chamber together with 16 kg/s dry air at 
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80°C. All the water evaporates, and the moist air 
leaves at a temperature of 40°C. Find the exit rel- 
ative humidity and the heat transfer. 

13.78 A rigid container, 10 m 3 in volume, contains moist 
air at 45°C and 100 kPa with O = 40%. The con- 
tainer is now cooled to 5°C. Neglect the volume 
of any liquid that might be present and find the 
final mass of water vapor, the final total pressure, 
and the heat transfer. 

13.79 A water-filled reactor of 1 m 3 is at 20 M Pa, 360°C 
and is located inside an insulated containment 
room of 100 m 3 that contains air at 100 kPa and 
25°C. Due to a failure, the reactor ruptures and 
the water fills the containment room. Find the 
final quality and pressure by iterations. 

Tables and Formulas or Psychrometric Chart 

13.80 I want to bring air at 35°C, O = 40% to a state 
of 25°C, o) = 0.01. Do I need to add or subtract 
water? 

13.81 A flow of moist air at 100 kPa, 40°C, and 40% 
relative humidity is cooled to 15°C in a constant- 
pressure device. Find the humidity ratio of the 
inlet and the exit flow and the heat transfer in the 
device per kilogram of dry air. 

13.82 Use the formulas and the steam tables to find the 
missing property of O, to, and T dry fora total pres- 
sure of 100 kPa; find the answers again using the 
psychrometric chart. 

a. <f> = 50%, co = 0.010 

b. T dry = 25°C ,T wet = 21°c 

13.83 The discharge moist air from a clothes dryer is at 
35°C, 80% relative humidity. The flow is guided 
through a pipe up through the roof and a vent 
to the atmosphere shown in Fig. P13.83. Due to 



heat transfer in the pipe, the flow iscooled to 24°C 
by the time it reaches the vent. Find the humidity 
ratio in the flow out of the clothes dryer and at 
the vent. F i nd the heat transfer and any amount of 
liquid that may be forming per kilogram of dry air 
for the flow. 

13.84 A flow, 0.2 kg/s dry air, of moist air at 40°C and 
50% relative humidity flows from the outside state 
1 down into a basement, where it cools to 16°C, 
state 2. Then it flows up to the living room, where 
itisheatedto 25°C, state 3. Find the dew pointfor 
state 1, any amount of liquid that may appear, the 
heat transfer that takes pi ace i n the basement, and 
the relative humidity in the living room at state 3. 

13.85 A steady supply of 1.0 m 3 /s air at 25°C, 100 kPa, 
and 50% relative humidity is needed to heat a 
building in the winter. The ambient outdoor air 
is at 10°C, 100 kPa, and 50% relative humidity. 
What are the required liquid water input and heat 
transfer rates for this purpose? 

13.86 In a ventilation system, inside air at 34°C and 
70% relative humidity is blown through a channel, 
whereitcoolsto 25°C withaflow rateof 0.75 kg/s 
dry air. Find the dew point of the inside air, the 
relative humidity at the end of the channel, and 
the heat transfer in the channel. 

13.87 Two moist air streams with 85% relative humid- 
ity, both flowing at a rateof 0.1 kg/s of dry air, are 
mixed in a steady-flow setup. One inlet stream is 
at 32.5°C and the other is at 16°C. Find the exit 
relative humidity. 

13.88 A combination air cooler and dehumidification 
unit receives outside ambient air at 35°C, 100 
kPa, and 90% relative humidity. The moist air is 
first cooled to a low temperature T 2 to condense 
the proper amount of water; assume all the liquid 
leavesatT 2 .Themoistairisthen heated and leaves 
theunitat20°C, 100 kPa, and 30% relative humid- 
ity with a volume flow rate of 0.01 m 3 /s. Find the 
temperature T 2 , the mass of liquid per kilogram 
of dry air, and the overall heat transfer rate. 

13.89 To make dry coffee powder, we spray 0.2 kg/s 
coffee (assume liquid water) at80°C into a cham- 
ber, where we add 8 kg/s dry air at T. All the 
water should evaporate, and the air should leave 
with a minimum temperature of 40°C; we ne- 
glect the powder. Determine theT in the inlet air 
flow. 
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13.90 An insulated tank has an air inlet, u>i = 0.0084, 
and an outlet, T 2 = 22°C, O 2 = 90%, both at 
100 kPa. A third line sprays 0.25 kg/s of water at 
80°C and 100 kPa, as shown in Fig. P13.90. For 
steady operation, find the outlet specific humidity, 
the mass flow rate of air needed, and the required 
air inlet temperature, T 1 . 


3 



13.91 A water-cooling tower for a power plant cools 
45°C liquid water by evaporation. The tower re- 
ceives air at 19.5°C, 4> = 30%, and 100 kPa that 
is blown through/over the water such that it leaves 
the tower at 25°C and O = 70%. The remaining 
liquid water flows back to the condenser at 30°C, 
having given off 1 MW. Find the mass flow rate 
of air, and determine the amount of water that 
evaporates. 

13.92 M oist air at 31°C and 50% relative humidity flows 
over a large surface of liquid water. Find the adi- 
abatic saturation temperature by trial and error. 
(Hint: it is around 22.5°C.) 

13.93 A flow of air at 5°C, 4> = 90%, is brought into 
a house, where it is conditioned to 25°C, 60% 
relative humidity. This is done with a combined 
heater-evaporator where any liquid water is at 
10°C. Find any flow of liquid and the necessary 
heat transfer, both per kilogram of dry airflowing. 
Find the dew point for the final mixture. 

13.94 A n ai r condi ti oner f or an ai rport receives desert ai r 
at 45°C, 10% relative humidity, and must deliver 
it to the buildings at 20°C, 50% relative humid- 
ity. The airport has a cooling system with R-410a 
running with high pressure of 3000 kPa and low 
pressure of 1000 kPa; the tap water is 18°C. What 
should be done to the air? Find the needed heating/ 
cooling per kilogram of dry air. 


13.95 A flow of moist airfrom a domestic furnace, state 
1, is at 45°C, 10% relative humidity with a flow 
rate of 0.05 kg/s dry air. A small electric heater 
adds steam at 100°C , 100 kPa, generated from tap 
water at 15°C shown in Fig. P13.95. Up in the 
living room, the flow comes out at state 4: 30°C, 
60% relative humidity. Find the power needed for 
the electric heater and the heat transfer to the flow 
from state 1 to state 4. 




o 


FIGURE PI 3.95 

13.96 One means of air-conditioning hot summer air is 
by evaporativecooling, which isa process similar 
to the adiabatic saturation process. Consider out- 
door ambient air at 35°C, 100 kPa, 30% relative 
humidity. What is the maximum amount of cool- 
ing that can be achieved by this technique? What 
disadvantage is there to this approach? Solve the 
problem using a first-law analysis and repeat it 
using the psychrometric chart, Fig. E.4. 

13.97 A flow out of a clothes dryer of 0.05 kg/s dry 
air is at 40°C and 60% relative humidity. It flows 
through a heat exchanger, where it exits at 20°C. 
Then the flow combines with another flow of 0.03 
kg/s dry air at 30°C and relative humidity 30%. 
Find the dew point of state 1 (see Fig. P13.97), 
the heat transfer per kilogram of dry air, and the 
humidity ratio and relative humidity of the exit 
state. 
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13.98 Atmospheric air at 35°C with a relative humidity 
of 10%, is too warm and too dry. An air condi- 
tioner should deliver air at 21°C and 50% relative 
humidity in the amount of 3600 m 3 /h. Sketch a 
setup to accomplish this. Find any amount of liq- 
uid (at 20°C) that is needed or discarded and any 
heat transfer. 

13.99 I n a car’s defrost/defog system, atmospheric air at 
21°C and 80% relative humidity is taken in and 
cooled such that liquid water drips out. The now 
dryer air is heated to 41°C and then blown onto 
the windshield, where it should have a maximum 
of 10% relative humidity to remove water from 
the windshield. Find the dew point of the atmo- 
spheric air, the specific humidity of air onto the 
windshield, the lowest temperature, and the spe- 
cific heat transfer in the cooler. 

13.100 A flow of moist airat45°C, 10% rel ative humi dity 
with a flow rate of 0.2 kg/s dry air is mixed with 
a flow of moist air at 25°C and absolute humidity 
of co = 0.018 with a rate of 0.3 kg/s dry air. The 
mixing takes place in an air duct at 100 kPa, and 
there is no significant heat transfer. After the mix- 
ing, there is heat transfer to a final temperature of 
40°C. Find the temperature and relative humidity 
after mixing. Find the heat transfer and the final 
exit relative humidity. 

13.101 An indoor pool evaporates 1.512 kg/h of water, 
which is removed by a dehumidifier to maintain 
21°C, 4> = 70% in the room. The dehumidifier, 
shown in Fig. P13.101, is a refrigeration cycle in 
which air flowing over the evaporator cools such 
that liquid water drops out, and the air continues 
flowing over the condenser. For an airflow rateof 
0.1 kg/s, the unit requires 1.4 kW input to a mo- 
tor driving a fan and the compressor, and it has a 
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FIGURE P13.101 


COP, of p = Q i/vi/ c — 2.0. Find the state of the 
air as it returns to the room and the compressor 
work input. 

13.102 A moist air flow of 5 kg/min at 30°C, 4> = 60%, 
100 kPa goes through a dehumidifier in the setup 
shown in Problem 13.101. Theairiscooled down 
to 15°C and then blown over the condenser. The 
refrigeration cycle runs with R-134a, with a low 
pressure of 200 kPa and a high pressure of 1000 
kPa. Find the COP of the refrigeration cycle, the 
ratio m R .i 34 a /m a ir, and the outgoing T 3 and 4> 3 . 

Psychrometric Chart Only 

13.103 Use the psychrometric chart to find the missing 
property of: 4>, co, T wet , and T dr y . 

a. T dry = 25°C, = 80% 

b. T dry = 15°C, 4> = 100% 

c. T dry = 20°C, co = 0.008 

d. T d ry = 25°C, T wet = 23°C 

13.104 Use the psychrometric chart to find the missing 
property of: 4>, co, T wet , and T dry . 

a. 4> = 50%, a> = 0.012 

b. T we t = 15°C, 4> = 60% 

c. co = 0.008, T wet — 17°C 

d. T dry = 10°C, co — 0.006 

13.105 For each of the states in Problem 13.104, find the 
dew-point temperature. 

13.106 Use the formulas and the steam tables to find the 
missing property of 4>, co, and T dry ; total pressure 
is 100 kPa. Repeat the answers using the psychro- 
metric chart. 

a. 4> = 50%, co = 0.010 

b. Twet = 15° C, 4> = 50% 

c. T dry = 25°C, Twet = 21°C 

13.107 An air conditioner should cool a flow of ambi- 
ent moist air at 40°C, 40% relative humidity hav- 
ing 0.2 kg/s flow of dry air. The exit temperature 
should be25°C, and the pressure is 100 kPa. Find 
the rate of heat transfer needed and check for the 
formation of liquid water. 

13.108 A flow of moist air at 21°C with 60% relative 
humidity should be produced from mixing two 
different moist air flows. Flow 1 is at 10°C and 
80% relative humidity; flow 2 is at 32°C and has 
T wet = 27°C . The mixing chamber can befollowed 
by a heater or a cooler, as shown in Fig. P 13. 108. 
No liquid water is added, and P = 100 kPa. Find 
the two controls; one is the ratio of the two mass 
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flow ratesm a i/m a 2 and the other is the heat trans- 
fer in the heater/cooler per kilogram of dry air. 



13.109 In a hot and dry climate, air enters an air- 
conditioner unitat 100 kPa, 40°C, and 5% relative 
humidity at a steady rate of 1.0 m 3 /s. Liquid water 
at 20°C is sprayed into the air in the unit at the rate 
of 20 kg/h, and heat is rejected from the unit at the 
rate 20 kW. T he exit pressure i s 100 kPa. W hat are 
the exit temperature and relative humidity? 

13.110 Compare the weather in two places where it is 
cloudy and breezy. At beach A the temperature is 
20°C, the pressure is 103.5 kPa, and the relative 
humidity is 90%; beach B has 25°C, 99 kPa, and 
20% relative humidity. Suppose you just took a 
swim and came out of the water. Where would 
you feel more comfortable, and why? 

13.111 Ambient air at 100 kPa, 30°C, and 40% relative 
humidity goes through a constant-pressure heat 
exchanger as a steady flow. I n one case it is heated 
to 45°C, and in another case it is cooled until it 
reaches saturation. For both cases, find the exit 
relative humidity and the amount of heat transfer 
per kilogram of dry air. 

13.112 A flow of moist airatlOO kPa, 35°C, 40% relative 
humidity is cooled by adiabatic evaporation of liq- 
uid 20°C water to reach a saturated state. Find the 
amount of water added per kilogram of dry air and 
the exit temperature. 

13.113 Consider two states of atmospheric air: (1) 35°C, 
T we t = 18°C and (2) 26.5°C, <I> = 60%. Suggest 
a system of devices that will allow air in a steady 
flow to change from (1) to (2) and from (2) to (1). 
H eaters, coolers, (de)humidifiers, liquid traps, and 
the I ike are avail able, and any liquid/solid flowing 
is assumed to be at the lowest temperature seen 
in the process. Find the specific and relative hu- 
midity for state 1, the dew point for state 2, and 


the heat transfer per kilogram of dry air in each 
component in the systems. 

13.114 To refresh air in a room, a counterflow heat ex- 
changer (see Fig. P 13. 114), is mounted in the wall, 
drawing in outside air at 0.5°C, 80% relative hu- 
midity and pushing out room air at 40°C, 50% 
relative humidity. Assume an exchange of 3 kg/ 
min dry air in a steady flow, and also assume that 
the room air exits the heat exchanger to the at- 
mosphere at 23°C. Find the net amount of water 
removed from the room, any liquid flow in the heat 
exchanger, and ( T , O) for the fresh air entering the 
room. 




Availability (Exergy) in M ixtures 

13.115 Find the second-law efficiency of the heat ex- 
changer in Problem 13.52. 

13.116 Consider the mixing of a steam flow with an oxy- 
gen flow in Problem 13.53. Find the rate of total 
inflowing availability and the rate of exergy de- 
struction in the process. 

13.117 A mixture of 75% carbon dioxide and 25% wa- 
ter by mol is flowing at 1600 K, 100 kPa, into 
a heat exchanger, where it is used to deliver en- 
ergy to a heat engine. The mixture leaves the 
heat exchanger at 500 K with a mass flow rate of 
2 kg/mi n. Find the rate of energy and the rate of 
exergy delivered to the heat engine. 

Review Problems 

13.118 Weighing of masses gives a mixture at 60°C, 225 
kPa with 0.5 kg oxygen, 1.5 kg nitrogen, and 0.5 kg 
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methane. Find the partial pressures of each com- 
ponent, the mixture specific volume (mass basis), 
mixture molecular mass, and the total volume. 

13.119 A carbureted internal -combustion engine is con- 
verted to run on methane gas (natural gas). The 
air-fuel ratio in the cylinder is to be 20:1 on a 
mass basis. How many moles of oxygen per mole 
of methane are there i n the cy I i nder? 

13.120 A mixture of 50% carbon dioxide and 50% wa- 
ter by mass is brought from 1500 K and 1 M Pa 
to 500 K and 200 kPa in a polytropic process 
through a steady-state device. Find the necessary 
heat transfer and work involved using values from 
Table A .5. 

13.121 Solve Problem 13.120 using specific heats C p = 
Ah/ AT from Table A .8 at 1000 K . 

13.122 A large air separation plant takes in ambient air 
(79% nitrogen, 21% oxygen by mole) at 100 kPa 
and20°C at a rate of 25 kg/s. It discharges a stream 
of pure oxygen gas at 200 kPa and 100°C and a 
stream of pure nitrogen gas at 100 kPa and 20°C . 
The plant operates on an electrical power input of 
2000 kW, shown in Fig. P13. 122. Calculate the net 
rate of entropy change for the process. 


2000 kW 



13.123 Repeat Problem 13.55 with an inlet temperature 
of 1400 K for the carbon dioxide and 300 K for 
the nitrogen. First, estimate the exit temperature 
with the specific heats from Table A .5 and use this 
to start iterations with values from A. 9. 

13.124 A piston/cylinder has 100 kg of saturated moist 
air at 100 kPa and 5°C. If it is heated to 45°C in 
an isobaric process, find i q 2 and the final relative 
humidity. If it is compressed from the initial state 
to 200 kPa in an isothermal process, find the mass 
of water condensing. 


13.125 A piston/cylinder contains helium at 110 kPa at 
an ambient temperature 20°C, and an initial vol- 
ume of 20 L, as shown in Fig. P 13. 125. The stops 
are mounted to give a maximum volume of 25 L, 
and the nitrogen line conditions are 300 kPa, 30°C. 
The valve is now opened, which allows nitrogen 
to flow in and mix with the helium. The valve is 
closed when the pressure inside reaches 200 kPa, 
at which point the temperature inside is 40°C. Is 
thisprocessconsistentwith thesecond law of ther- 
modynamics? 



13.126 A spherical balloon has an initial diameter of 1 m 
and contains argon gas at 200 kPa, 40°C. The bal- 
loon is connected by a valve to a 500-L rigid tank 
containing carbon dioxide at 100 kPa, 100°C .The 
valve is opened, and eventually the balloon and 
tank reach a uniform state in which the pressure is 
185 kPa. The balloon pressure is directly propor- 
tional to its diameter. Take the balloon and tank 
as a control volume, and calculate the final tem- 
perature and the heat transfer for the process. 

13.127 An insulated rigid 2-m 3 tank A contains carbon 
dioxidegasat200°C, 1 M Pa. An uninsulated rigid 
1-m 3 tank B contains ethane (C 2 H 6 ), gas at 200 
kPa, room temperature 20°C. The two are con- 
nected by a one-way check valve that will allow 
gas from A to B but not from B to A, as shown in 
Fig. P13.127. The valve is opened, and gas flows 
from A to B until the pressure in B reaches 500 
kPa when the valve is closed. The mixture in B 
is kept at room temperature due to heat transfer. 
Find the total number of moles and the ethane 
mole fraction at the final state in B. Find the final 
temperature and pressure in tank A and the heat 
transfer, to/from tank B. 
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13.128 You havejust washed your hair and now blow dry 

it in a room with 23°C, = 60%, (1). The dryer, 

500 W, heats the airto 49°C (2), blows itthrough 
your hair, where the air becomes saturated (3), 
and then flows on to hit a window, where it cools 
to 15°C (4). Find the relative humidity at state 2, 
the heat transfer per kilogram of dry air in the 
dryer, the air flow rate, and the amount of water 
condensed on the window, if any. 

13.129 A 0.2-m 3 insulated, rigid vessel isdivided into two 
equal parts A and B by an insulated partition, as 
shown in Fig. P.13.129. The partition will support 
a pressure difference of 400 kPa before breaking. 
Side A contains methane and side 6 contains car- 
bon dioxide. Both sides are initially at 1 MPa, 
30°C. A valve on side B is opened, and carbon 
dioxide flows out. The carbon dioxide that remains 
in B is assumed to undergo a reversible adiabatic 
expansion while there is flow out. Eventually the 
partition breaks, and the valve is closed. Calculate 
the net entropy change for the process that begins 
when the valve is closed. 



FIGURE P13.129 


13.130 Ambient air is at 100 kPa, 35°C, 50% relative hu- 
midity. A steady stream of air at 100 kPa, 23°C, 
70% relative humidity is to be produced by first 
cooling one stream to an appropriate temperature 
to condense out the proper amount of water and 
then mix thisstream adiabatically with the second 
one at ambient conditions. What is the ratio of the 
tw o fl o w rates? To w h at tern peratu re m u st th e fi rst 
stream be cooled? 

13.131 An air- water vapor mixture enters a steady-flow 
heater humidifier unit at state 1: 10°C, 10% rel- 


ative humidity, at the rate of 1 m 3 /s. A second 
air-vapor stream enters the unit at state 2: 20°C, 
20% relative humidity, at the rate of 2 m 3 /s. Liq- 
uid water enters at state 3: 10°C, at the rate of 
400 kg/hr. A single ai r-vapor flow exits the unit at 
state4: 40°C, as shown in Fig. P13.131. Calculate 
the relative humidity of the exit flow and the rate 
of heat transfer to the unit. 


1 --3 





Q 

FIGURE P13.131 

13.132 A semipermeablemembraneisusedforthepartial 
removal of oxygen from air that is blown through a 
grain elevator storage facility. Ambient air (79% 
nitrogen, 21% oxygen on a mole basis) is com- 
pressed to an appropriate pressure, cooled to am- 
bient temperature 25°C, and then fed through a 
bundle of hollow polymer fibers that selectively 
absorb oxygen, so the mixture leaving at 120 kPa, 
25°C, contains only 5% oxygen, as shown in Fig. 
P13.132. Theabsorbed oxygen is bled off through 
the fiber wall sat 40 kPa, 25°C, to a vacuum pump. 
Assume the process to be reversible and adiabatic 
and determine the minimum inlet air pressure to 
the fiber bundle. 

0.79 N 2 1 — 2 0.79 n 2 

+0.21 o 2 1 1 + ? o 2 

111(1 



FIGURE P13.132 

13.133 A dehumidifier receives a flow of 0.25 kg/s dry 
air at 35°C, 90% relative humidity, as shown in 
Fig. P 13. 101. It is cooled down to 15°C as it flows 
over the evaporator and is then heated up again 
as it flows over the condenser. The standard re- 
frigeration cycle uses R-410a with an evaporator 
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temperature of -5°C and a condensation pressure 
of 3000 kPa. Find the amount of liquid water re- 
moved and the heat transfer i n the cool i ng process. 
How much compressor work is needed? What 
is the final air exit temperature and relative hu- 
midity? 

13.134 The air conditioning by evaporative cooling in 
Problem 13.96 is modified by adding a dehu- 
midification process before the water spray cool- 
ing process. This dehumidification is achieved, as 


shown in Fig. P 13. 134, by using a desiccant mate- 
rial, which absorbs water on one side of a rotating 
drum heat exchanger. T he desi ccant i s regenerated 
by heating on the other side of the drum to drive 
the water out. T he pressure i s 100 kPa everywhere, 
and other properties areon the diagram. Calculate 
the relative humidity of the cool air supplied to 
the room at state 4 and the heat transfer per unit 
mass of air that needs to be supplied to the heater 
unit. 
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FIGURE P13.134 


ENGLISH UNIT PROBLEMS 

13.135 If oxygen is 21% by moleof air, whatistheoxy- 
gen state (P, T, v) in a room at 540 R, 15 psia, 
of a total volume of 2000 ft 3 ? 

13.1363 A gas mixture at 250 F, 18 lbf/in. 2 is 50% ni- 
trogen, 30% water, and 20% oxygen on a mole 
basis. Find the mass fractions, the mixture gas 
constant, and thevolumefor 10 Ibm of mixture. 

13.137E A flow of oxygen and one of nitrogen, both 
540 R, are mixed to produce 1 Ibm/s air at 
540 R, 15 psia. What is the mass and volume 
flow rate of each line? 

13.138 A new refrigerant, R-410a, is a mixture of 
R-32 and R-125 in a 1:1 mass ratio. What 


is the overall molecular mass, the gas con- 
stant, and the ratio of specific heats for such a 
mixture? 

13.1391 Do the previous problem for R-507a, which is 
1:1 mass ratio of R-125 and R-143a. The refrig- 
erant R-143a has molecular mass of 84.041, and 
C p = 0.222 Btu/lbmR. 

13.1403 A rigid container has 1 Ibm carbon dioxide at 
540 R and 1 Ibm argon at 720 R, both at 20 psia. 
Now they are allowed to mix without any heat 
transfer. W hat i s the fi nal T , and P ? 

13.141E A flow of 1 Ibm/s argon at 540 R and another 
flow of 1 Ibm/s carbon dioxide at 2800 R, both 
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at 20 psia, are mixed without any heat transfer. 
Find the exit T , P , assuming constant specific 
heats. 

13.1425 Repeatthe previous problem using variable spe- 
cific heats. 

13.143L A pipe flows 1.5 Ibm/s of a mixture with mass 
fractions of 40% carbon dioxide and 60% nitro- 
gen at 60 1 bf/i n , 2 , 540 R . H eati ng tape i s w rapped 
around a section of pipe with insulation added, 
and 2 Btu/s electrical power is heating the pipe 
flow. Find the mixture exit temperature. 

13.144! An insulated gas turbine receives a mixture of 
10% carbon dioxide, 10% water, and 80% nitro- 
gen on a mass basis at 1800 R, 75 I bf/i n. 2 . The 
inletvolumeflow rate is 70 ft 3 /s, and the exhaust 
is at 1300 R, 15 I bf/i n. 2 . Find the power output 
in Btu/s using constant specific heat from F4 at 
540 R. 

13.145 Solve Problem 13.144 using the values of en- 
thalpy from Table F. 6. 

13.146: A piston/cylinder device contains 0.3 Ibm of a 
mixture of 40% methane and 60% propane by 
mass at 540 R and 15 psia. The gas is now slowly 
compressed in an isothermal (T = constant) pro- 
cess to a final pressure of 40 psia. Show the pro- 
cess in a P-v diagram, and find both the work 
and heat transfer in the process. 

13.1475 Two insulated tanks A and B are connected by 
a valve. Tank A has a volume of 30 ft 3 and ini- 
tially contains argon at 50 I bf/i n. 2 , 50 F. Tank 
B has a volume of 60 ft 3 and initially contains 
ethane at 30 I bf/i n. 2 , 120 F. The valve is opened 
and remains open until the resulting gas mixture 
comes to a uniform state. Find the final pressure 
and temperature. 

13.1485 A mixture of 4 Ibm oxygen and 4 Ibm argon is 
in an insulated piston/cylinder arrangement at 
14.7 I bf/i n. 2 , 540 R. The piston now compresses 
the mixture to half of its initial volume. Find the 
final pressure, temperature, and piston work. 

13.1495 A flow of gas A and a flow of gas B are mixed 
in a 1:1 mole ratio with the same T. What is the 
entropy generation per Ibmoleflow out? 

13.150? A rigid container has 1 Ibm argon at 540 R and 
1 Ibm argon at 720 R, both at 20 psia. Now they 
are allowed to mix without any external heat 


transfer. What is the final T, and P? Is any s 
generated? 

13.151E A steady flow 0.6 Ibm/s of 50% carbon diox- 
ide and 50% water mixture by mass at 2200 R 
and 30 psia is used in a constant-pressure heat 
exchanger, where 300 Btu/s is extracted from 
the flow. Find the exit temperature and rate of 
change in entropy using Table F. 4. 

13.1525 Solve the previous problem using Table F.6. 

13.153 W hat is the rate of entropy increase in Problem 
13.142E? 

13.154 Find the entropy generation for the process in 
Problem 13.147E. 

13.155? Carbon dioxide gas at 580 R is mixed with ni- 
trogen at 500 R in an insulated mixing chamber. 
Bothflowsare at 14.7 1 bf/i n. 2 , and the mole ratio 
of carbon dioxide to nitrogen i s 2: 1. Find the exit 
temperature and the total entropy generation per 
mole of the exit mixture. 

13.1562 A mixture of 60% helium and 40% nitrogen 
by mole enters a turbine at 150 I bf/i n. 2 , 1500 
R at a rate of 4 Ibm/s. The adiabatic tur- 
bine has an exit pressure of 15 I bf/i n. 2 and an 
isentropic efficiency of 85%. Find the turbine 
work. 

13.1575 A tank has two sides initially separated by a di- 
aphragm. Side A contains 2 Ibm of water, and 
side B contains 2.4 Ibm of air, both at 68 F, 
14.7 I bf/i n. 2 . The diaphragm is now broken, 
and the whole tank is heated to 1100 F by 
a 1300 F reservoir. Find the final total pres- 
sure, heat transfer, and total entropy genera- 
tion. 

13.1585 A 1 Ibm/s flow of saturated moistai r (relativehu- 
midity 100%) at 14.7 psia and 50 F goes through 
a heat exchanger and comes out at 80 F. W hat is 
the exit relative humidity, and how much power 
is needed? 

13.1595 If I have air at 14.7 psia and (a) 15 F, (b) 115 
F, and (c) 230 F, what is the maximum absolute 
humidity I can have? 

13.1605 Consider a volume of 2000 ft 3 that contains an 
air-water vapor mixture at 14.7 I bf/i n. 2 , 60 F, 
and 40% relative humidity. Find the mass of 
water and the humidity ratio. What is the dew 
point of the mixture? 
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13.161E Consider at 35 ft 3 /s flow of atmospheric air at 
14.7 psia, 80 F, and 80% relative humidity. As- 
sume this flows into a basement room, where it 
coolsto 60 F at 14.7 psia. Flow much liquid will 
condense out? 

13.162E Consider a 10-ft 3 rigid tank containing an air- 
water vapor mixture at 14.7 lbf/in. 2 , 90 F, with 
70% relative humidity. The system iscooled un- 
til the water just begins to condense. Determine 
the final temperature in the tank and the heat 
transfer for the process. 

13.163 A water-filled reactorof 50ft 3 is at 2000 lbf/in. 2 , 
550 F, and located inside an insulated contain- 
ment room of 5000 ft 3 that has air at 1 atm and 
77 F. Due to a failure, the reactor ruptures and 
the water fills the containment room. Find the 
final quality and pressure by iterations. 

13.164 Two moist air streams with 85% relative humid- 
ity, both flowing at a rate of 0.2 Ibm/s of dry 
air, are mixed in a steady-flow setup. One inlet 
flow stream is at 90 F, and the other is at 61 F. 
Find the exit relative humidity. 

13.165 A flow of moist air from a domestic furnace, 
state 1 in Fig. P13.95 is at 120 F, 10% relative 
humidity with a flow rate of 0.1 Ibm/s dry air. A 
small electric heater adds steam at 212 F, 14.7 
psi a, generated from tap water at 60 F. U p i n the 
living room, the flow comes out at state 4: 90 F, 
60% relative humidity. Find the power needed 
for the el ectri c heater and the heat transfer to the 
flow from state 1 to state 4. 

13.166 Atmospheric air at 95 F, relative humidity 10%, 
is too warm and too dry. An air conditioner 
should deliver airat 70 F, 50% relative humidity 
in the amount of 3600 ft 3 /hr. Sketch a setup to 
accomplish this; find any amount of liquid (at 
68 F) that is needed or discarded and any heat 
transfer. 

13.167 An indoor pool evaporates 3 Ibm/h of water, 
which is removed by a dehumidifier to maintain 
70 F, $ = 70% in the room. The dehumidifier 
is a refrigeration cycle in which air flowing over 
the evaporator cools such thatliquid waterdrops 
out, and the air continues flowing over the con- 
denser, as shown in Fig. P13.101. For an airflow 
rate of 0.2 Ibm/s, the unit requires 1.2 Btu/s in- 
put to a motor driving a fan and the compressor, 


and it has a COP, fi = Q L /\N C = 2.0. Find the 
state of the air after evaporation, T 2 , o> 2 , $ 2 , and 
the heat rejected. Find the state of the air as it 
returns to the room and the compressor work 
input. 

13.1683 To refresh air in a room, a counterflow heat ex- 
changer is mounted in the wall, as shown in 
Fig. P13.114. Itdraws in outside air at 33 F, 80% 
relative humidity, and draws room air, at 104 F, 
50% relative humidity, out. A ssume an exchange 
of 6 Ibm/min dry air in a steady-flow device, and 
also that the room air exits the heat exchanger to 
the atmosphere at 72 F. Find the net amount of 
water removed from the room, any liquid flow 
in the heat exchanger, and (T, O) for the fresh 
air entering the room. 

13.1697 Weighing of masses gives a mixture at 80 F, 
35 lbf/in. 2 with 1 Ibm oxygen, 3 Ibm nitrogen, 
and 1 Ibm methane. Find the partial pressures 
of each component, the mixture specific volume 
(mass basis), the mixture molecular mass, and 
the total volume. 

13.170E A mixtureof 50% carbon dioxideand 50% water 
by mass is brought from 2800 R, 150 lbf/in. 2 to 
900 R , 30 1 bf/i n. 2 in a polytropic process through 
a steady-flow device. Find the necessary heat 
transfer and work involved using values from 
Table F.4. 

13.171E A large air separation plant (see Fig. P13.122), 
takes in ambient air (79% nitrogen, 21% oxy- 
gen by volume) at 14.7 lbf/in. 2 , 70 F, ata rate of 
2 lb mol/s. It discharges a stream of pure oxy- 
gen gas at 30 lbf/in. 2 , 200 F, and a stream of pure 
nitrogen gas at 14.7 lbf/in. 2 , 70 F. The plant op- 
erates on an electrical power input of 2000 kW. 
Calculate the net rate of entropy change for the 
process. 

13.172IE Ambient air is at 14.7 lbf/in. 2 , 95 F, 50% relative 
humidity. A steady stream of airat 14.7 lbf/in. 2 , 
73 F, 70% relative humidity is to be produced by 
first cooling one stream to an appropriate tem- 
perature to condense out the proper amount of 
water and then mixing this stream adiabatically 
with the second one at ambient conditions. W hat 
is the ratio of the two flow rates? To what tem- 
perature must the first stream be cooled? 
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COMPUTER, DESIGN, AND OPEN-ENDED PROBLEMS 


13.173 W ritea program to solve the general caseof Prob- 
lems 13.44/64 in which the two volumes and the 
initial state properties of the argon and the ethane 
are input variables. Use constant specific heat 
from Table A. 5. 

13.174 M ixing of carbon dioxideand nitrogen in a steady- 
flow setup was given in Problem 13.55. If the 
temperatures are very different, an assumption of 
constant specific heat is inappropriate. Study the 
problem assuming that the carbon dioxide enters 
at 300 K, 100 kPa, as a function of the nitrogen 
inlet temperature using specific heat from Table 
A. 7 or the formula in Table A. 6. Give the ni- 
trogen inlet temperature for which the constant 
specific heat assumption starts to be more than 
1%, 5%, and 10% wrong for the exit mixture 
temperature. 

13.175 The setup in Problem 13.90 issimilarto a process 
that can be used to produce dry powder from a 
slurry of water and dry material as coffee or milk. 
Thewaterflow at state 3 isamixtureof 80% liquid 
water and 20% dry material on a mass basis with 
C dry = 0.4 kj/kg K. After the water is evaporated, 
the dry material falls to the bottom and is removed 
in an additional line, rridry exit at state 4. Assume 
a reasonable T 4 and that state 1 is heated atmo- 
spheric air. Investigate the inlet flow temperature 
as a function of state 1 humidity ratio. 

13.176 A dehumi difier for household applications is sim- 
ilar to the system shown in Fig. P 13. 101. Study the 
requirements to the refrigeration cycle as a func- 
tion of the atmospheric conditions and include a 
worst case estimation. 

13.177 A clothes dryer has a 60°C, <t> = 90% air flow 
out at a rate of 3 kg/min. The atmospheric con- 
ditions are 20°C, relative humidity of 50%. How 
much water iscarried away and how much power is 
needed? To increase the efficiency, a counterflow 
heat exchanger is installed to preheat the incom- 
ing atmospheric air with the hot exit flow. Esti- 
mate suitable exit temperatures from the heat ex- 
changer and investigate the design changes to the 
clothes dryer. (What happens to the condensed 
water?) How much energy can be saved this 
way? 


13.178 Addition of steam to combustors in gas turbines 
and to internal-combustion engines reduces the 
peak temperatures and lowers emission of NO*. 
Consider a modification to a gas turbine, as shown 
in Fig. P 13.178, where the modified cycleiscalled 
the Cheng cycl . In this example, it is used for 
a cogenerating power plant. Assume 12 kg/s air 
with state 2 at 1.25 M Pa, unknown temperature, 
is mixed with 2.5 kg/s water at 450°C at constant 
pressure before the i nl et to the turbi ne. T he turbi ne 
exit temperature is T 4 = 500°C, and the pressure 
is 125 kPa. For a reasonable turbine efficiency, 
estimate the required air temperature at state 2. 
Compare the result to the case where no steam is 
added to the mixing chamber and only air runs 
through the turbine. 





FIGURE P13.178 


13.179 Consider the district water heater acting as the 
condenser for part of the water between states 5 
and 6 in Fig. P13.178. If the temperature of the 
mixture (12 kg/s air, 2.5 kg/s steam) at state 5 is 
135°C, study the district heating load, Qi, as a 
function of the exit temperature T e- Study also 
the sensitivity of the results with respect to the 
assumption that state 6 is saturated moist air. 

13.180 The cogeneration gas-turbine cycle can be aug- 
mented with a heat pump to extract more energy 
from the turbine exhaust gas, as shown in Fig. 
P13.180. The heat pump upgrades the energy to 
be del i vered at the 70°C I i ne f or di stri ct heati ng . I n 
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▲ 

— 70°C 



W'hp 


Sat. air 
to chimney 


the modified application, the first heat exchanger 
has exit temperature T 6a = T la = 45°C, and the 
second one has 7" 6t) = T 7b = 36°C . A ssume the 
district heati ng I ine has the same exit temperature 
as before, so this arrangement allows for a higher 
flow rate. Estimate the increase in the district heat- 
ing load that can be obtained and the necessary 
work input to the heat pump. 

13.181 Several applications of dehumidification do not 
rely on water condensation by cooling. A desic- 
cant with a greater affinity to water can absorb 
water directly from the air accompanied by a heat 
release. The desiccant is then regenerated by heat- 
ing, driving the water out. M ake a list of several 
materialssuch as liquids, gels, and solidsand show 
examples of their use. 




Thermodynamic 

Relations 


We have already defined and used several thermodynamic properties. Among these are 
pressure, specific volume, density, temperature, mass, internal energy, enthalpy, entropy, 
constant-pressure and constant-volume specific heats, and thej oule-Thomson coefficient. 
Two other properties, the Helmholtz function and the Gibbs function, will also be introduced 
and will be used more extensively in the following chapters. We have also had occasion to 
use tables of thermodynamic properties for a number of different substances. 

One important question is now raised: Which thermodynamic properties can be ex- 
perimentally measured? We can answer this question by considering the measurements we 
can make in the laboratory. Some of the properties, such as internal energy and entropy, 
cannot be measured directly and must be calculated from other experimental data. If we 
carefully consider all these thermodynamic properties, weconclude that there areonly four 
that can be directly measured: pressure, temperature, volume, and mass. 

This leads to a second question: How can values of the thermodynamic properties 
that cannot be measured be determined from experimental data on those properties that can 
be measured? In answering this question, we will develop certain general thermodynamic 
relations. In view of the fact that millions of such equations can be written, our study will 
be limited to certain basic considerations, with particular reference to the determination 
of thermodynamic properties from experimental data. We will also consider such related 
matters as generalized charts and equations of state. 


14.1 


THE CLAPEYRON EQUATION 


In calculating thermodynamic properties such as enthalpy or entropy in terms of other 
properties that can be measured, the calculations fall into two broad categories: differences 
in properties between two different phases and changes within a single homogeneous phase. 
In this section, we focus on the first of these categories, that of different phases. Let us 
assume that the two phases are liquid and vapor, but we will see that the results apply to 
other differences as well. 

Consider a Carnot-cycle heat engine operating across a small temperature difference 
between reservoirs at T and T -AT. The corresponding saturation pressures are P and 
P - AP . The Carnot cycle operates with four steady-state devices. I n the high-temperature 
heat-transfer process, the working fluid changes from saturated liquid at 1 to saturated vapor 
at 2, as shown in the two diagrams of Fig. 14.1. 

From Fig. 14.1a, for reversible heat transfers, 


564 


Th =Ts fg : 


q L =(T — AT )s f g 
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FIGURE 14.1 A 

Carnot cycle operating 
across a small 
temperature difference. 



so that 


w NET =q H -qL = ATSfg (14.1) 

From Fig. 14.1 b, each process is steady-state and reversible, such that the work in each 
process is given by Eg. 9.15, 


-S' 


w = - vdP 


Overall, for the four processes in the cycle, 

3 1 

w NET = 0 - J v dP + 0 - Jv dP 


V2 + V 3\ {p _ Af> _ p)_ ( Vl + V* w p _p +A p; 


V2 + V 3 \ /V1 + V4 


AP , n n 

2 ) V 2 

(The smaller the AP, the better the approximation. 
Now, comparing Eqs. 14.1 and 14.2 and rearranging, 


AP 


AT /v 2 + v 3 \ /V 1 + V 4 


Sfg 


2 ) V 2 

In the limit as AT 0: v 3 -> v 2 = v g , v 4 -a v 3 = Vf, which results in 


(14.2) 


AP 

lim — - 

AT->0 AT 


dP sat Sfg 

dT - Vfg 


(14.3) 
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Si nee the heat addition process 1-2 is at constant pressure as well as constant temperature, 

q H =hfg = T Sfg 

and the general result of Eq. 14.3 is the expression 

dPsat = Sfg_ = _hfg_ ... 

dT Vfg Tv fg 

which is called theClapeyron equation. This is a very simple relation and yet an extremely 
powerful one. We can experimentally determine the left-hand side of Eq. 14.4, which is the 
slope of the vapor pressure as a function of temperature. We can also measure the specific 
volumes of saturated vapor and saturated liquid at the given temperature, which means 
that the enthalpy change and entropy change of vaporization can both be calculated from 
Eq. 14.4. This establishes the means to cross from one phase to another in first- orsecond-law 
calculations, which was the goal of this development. 

We could proceed along the same lines for the change of phase from solid to liquid 
or from solid to vapor. In each case, the result is the Clapeyron equation, in which the 
appropriate saturation pressure, specific volumes, entropy change, and enthalpy change are 
involved. For solid / to liquid f , the process occurs along the fusion line, and the result is 

= !il = JliL (14 5) 

dT V, f T v if 1 ' 

We note that Vjf = Vf - v, is typically a very small number, such that the si ope of the fusion 
line is very steep. (In the case of water, vn is a negative number, which is highly unusual, 
and the slope of the fusion line is not only steep, it is also negative.) 

For sublimation, the change from solid / directly to vapor g, the Clapeyron equation 
has the values 


dP sub _ Sig_ _ djg g) 

dT Vjg T Vjg 

A special case of the Clapeyron equation involving the vapor phase occurs at low 
temperatures when the saturation pressure becomes very small. The specific volume v g is 
then not only much larger than that of the condensed phase, liquid in Eq. 14.4 or solid in 
Eq. 14.6, but is also closely represented by the ideal-gas equation of state. The Clapeyron 
equation then reduces to the form 


dP Sat _ hfg _ hfgP S at Ml I! 

dT T v fg RT 2 [ ' 

At low temperatures (not near the critical temperature), h fg does not change very much with 
temperature. If it is assumed to be constant, then Eq. 14.7 can be rearranged and integrated 
over a range of temperatures to calculate a saturation pressure at a temperature at which it 
is not known. This point is illustrated by the following example. 
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EXAMPLE 14.1 


EXAMPLE 14.1 E 


Determine the sublimation pressure of water vapor at -60°C using data available in the 
steam tables. 

Control mass: Water. 


Solution 


Appendix Table B. 1.5 of the steam tables does not give saturation pressures for tempera- 
tures less than -40°C. However, we do notice that h/ g is relatively constant in this range; 
therefore, we proceed to Eq. 14.7 and integrate between the limits — 40°C and -60°C. 


Let 




f 2 h !l d^_hi l C 2 dT 

Ji R r 2 R T 2 

h ig fT 2 -T 1 \ 

R V tj 2 ) 


P 2 = 0.0129 kPa 


T 2 = 233.2 K Ti = 213.2 K 


Then 


P 2 2838.9 / 233.2 — 213.2 \ 
"Vi “ 0.461 52 \ 233.2 x 213.2 ) 


2.4744 


P i = 0.001 09 kPa 


Determine the sublimation pressure of water vapor at -70 F using data available in the 
steam tables. 

Control mass: Water. 


Solution 


Appendix TableF. 7. 4 of thesteam tables does not give satu ration pressuresfortemperatures 
I ess than -40 F. H owever, wedo notice that h/ g is relatively constant in this range; therefore, 
we proceed to use Eq. 14.7 and integrate between the limits -40 F and -70 F. 


( 2 d_P_ = fhigd]^ hig f 2 dT_ 
i p ~ Ji R T 2 - R A T 2 


Let 

Then 



higfh-TA 

R V Ti t 2 ) 


P 2 = 0.0019 lbf/in. 2 T 2 = 419.7 R T x = 389.7 R 


P 2 1218.7 x 778 /419.7 - 389.7\ 
“ 85776 1,419.7 x 389.7 / 


2.0279 


P x = 0.000 25 lbf/in. 2 
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14.2 


MATHEMATICAL RELATIONS FOR 
A HOMOGENEOUS PHASE 


In the preceding section, we established the means to calculate differences in enthalpy (and 
therefore internal energy) and entropy between different phases in terms of properties that 
are readily measured, in thefollowing sections, we will develop expressions for calculating 
differences in these properties within a single homogeneous phase (gas, liquid, or solid), 
assuming a simple compressible substance. In order to develop such expressions, it is first 
necessary to present a mathematical relation that will prove useful in this procedure. 

Consider a variable (thermodynamic property) thatisacontinuousfunctionof xandy. 


z= fix, y ) 



It is convenient to write this function in the form 

dz = M dx + N dy 


(14.8) 


where 



= partial derivativeof z with respect to x (thevariabley being held constant) 



= partial derivativeof z with respect to y (the variablex being held constant) 

The physical significance of partial derivatives as they relate to the properties of a 
pure substance can be explained by referring to Fig. 14.2, which showsaP-v-T surfaceof 
the superheated vapor region of a pure substance. It shows constant-temperature, constant- 
pressure, and constant specific volume planes that intersect at point b on the surface. Thus, 
the partial derivative ( dP/dv) T is the slope of curve abc at point b. Line de represents the 
tangentto curveabc atpointb. A similarinterpretation can be made of the partial derivatives 
(dP ldT) v and (9v/3 T) p . 

If we wish to evaluate the partial derivative along a constant-temperature line, the 
rules for ordinary derivatives can be applied. Thus, we can write for a constant- temperature 
process 


/ 9P \ _ dP T 
V 3 vJ T ~ dv T 

and the integration can be performed as usual. This point will be demonstrated later in a 
number of examples. 

Let us return to the consideration of the relation 

dz = M dx + N dy 
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FIGURE 14.2 

Schematic representation 
of partial derivatives. 



If x, y, and z are all point functions (that is, quantities that depend only on the state and 
are independent of the path), the differentials are exact differentials. If this is the case, the 
following important relation holds: 


The proof of this is 



9M ' 

\ 9 2 z 

3 y . 

) x ~ dxdy 

9 A/ ' 

\ 92z 

dX j 

y 3y9x 


(14.9) 


Since the order of differentiation makes no difference when point functions are involved, it 
follows that 


9 2 z _ 9 2 z 
dxdy ~ dydx 

/9M \ _ /9A/_\ 


y 
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14.3 


THE MAXWELL RELATIONS 


Consider a simple compressible control mass of fixed chemical composition. The M axwell 
relations, which can be written for such a system, are four equations relating the properties 
P , v, 7, and s. These will be found to be useful in the calculation of entropy in terms of the 
other measurable properties. 

The M axwell relations are most easily derived by considering the different forms of 
the thermodynamic property relation, which was the subject of Section 8.5. The two forms 
of this expression are rewritten here as 


du =T ds - P dv 


(14.10) 


and 


dh = T ds + v dP 


(14.11) 


Notethatin the mathematical representation of Eq. 14.8, these expressions are of the form 


u=u(s,v), h = h(s, P) 

in both of which entropy is used as one of the two independent properties. This is an 
undesirable situation in that entropy is one of the properties that cannot be measured. 
We can, however, eliminate entropy as an independent property by introducing two new 
properties and thereby two new forms of the thermodynamic property relation. The first of 
these is the I elmholtz function/), 

4 =U -T5, a — u - T s (14.12) 

Differentiating and substituting Eq. 14.10 results in 

da = du -T ds - sdT 

= -sdT - P dv (14.13) 

which we note is a form of the property relation utilizing T and v as the independent 
properties. The second new property isthe libbs function G , 

G — H -T S, g =h -Ts (14.14) 

Differentiating and substituting Eq. 14.11, 

dg =dh -T ds -sdT 

= -sdT +v dP (14.15) 

a fourth form of the property relation, this form using T andP as the independent properties. 

Since Eqs. 14.10, 14.11, 14.13, and 14.15 are all relations involving only properties, 
we conclude that these are exact differentials and, therefore, are of the general form of 
Eq. 14.8, 


dz = M dx + N dy 

in which Eq. 14.9 relates the coefficients M and N , 

/ 3M \ _ (dN\ 

\3y\lf _ \9^/y 
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It follows from Eq. 14.10 that 



Similarly, from Eqs. 14.11, 14.13, and 14.15 we can write 



(14.16) 


(14.17) 

(14.18) 

(14.19) 


These four equations are known as the i\ axwell relations for a simple compressible mass, 
and the great utility of these equations will be demonstrated in later sections of this chapter. 
As was noted earlier, these relations will enable us to calculate entropy changes in terms of 
the measurable properties pressure, temperature, and specific volume. 

A number of other useful relations can be derived from Eqs. 14.10, 14.11, 14.13, and 
14.15. For example, from Eq. 14.10, we can write the relations 



Similarly, from the other three equations, we have the following: 



(14.20) 


(14.21) 


As already noted, the M axwell relations just presented are written for a simple com- 
pressible substance. It is readily evident, however, that similar M axwell relations can be 
written for substances involving other effects, such as surface or electrical effects. For 
example, Eq. 8.9 can be written in the form 


dU = TdS-PdV+VdL+y’dA+ ( %dZ + ••• (14.22) 


Thus, for a substance involving only surface effects, we can write 

dU —T dS+tfdA 


and it follows that for such a substance 



Other M axwell relations could also be written for such a substance by writing the property 
relation in terms of different variables, and this approach could also be extended to systems 
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having multi pie effects. This matter also becomes morecomplex when weconsiderapplying 
the property relation to a system of variable composition, a topic that will be taken up in 
Section 14.9. 


EXAMPLE 14.2 From an examination of the properties of compressed liquid water, as given in Table B. 1.4 
of Appendix B, we find that the entropy of compressed liquid is greater than the entropy 
of saturated liquid for a temperature of 0°C and is less than that of saturated liquid for all 
the other temperatures listed. Explain why this follows from other thermodynamic data. 

Control mass: Water. 


Solution 

Suppose we increase the pressure of liquid water that is initially saturated while keeping 
the temperature constant. The change of entropy for the water during this process can be 
found by integrating the following M axwell relation, Eq. 14.19: 



Therefore, the sign of the entropy change depends on the sign of the term (3v/3 T) P . The 
physical significance of this term is that it involves the change in the specific volume 
of water as the temperature changes while the pressure remains constant. As water at 
moderate pressures and 0°C is heated in a constant-pressure process, the specific volume 
decreases until the point of maximum density is reached at approximately 4°C, after which 
it increases. This is shown on a v-T diagram in Fig. 14.3. Thus, the quantity (3v/3 T) P is 
the slope of the curve in Fig. 14.3. Si nee this slope is negative at 0°C, the quantity (3s/3P)r 
is positive at 0°C. At the point of maximum density the slope is zero and, therefore, the 
constant-pressure line shown in Fig. 8.7 crosses the saturated-liquid line at the point of 
maximum density. 



4°C (39 F) 


_ FIGURE 14.3 Sketch 
T for Example 1 4.2. 


14.4 


THERMODYNAMIC RELATIONS INVOLVING 
ENTHALPY, INTERNAL ENERGY, AND ENTROPY 


Let us first derive two equations, one involving C p and the other involving C v . 
We have defined C p as 



THERMODYNAMIC RELATIONS INVOLVING ENTHALPY, INTERNAL ENERGY, AND ENTROPY ■ 573 


We have also noted that for a pure substance 

T ds =dh -vdP 

Therefore, 


3 h 


( ds \ 


C D = — =T — 


Similarly, from the definition of C v , 


3 T 


C 

v 3 T 


V 9T )p 


(14.23) 


and the relation 


it follows that 


T ds = du + P dv 




V 3T /, \ 3 T 


(14.24) 


We will now derive a general relation for the change of enthalpy of a pure substance. 
We first note that for a pure substance 


Therefore, 


From the relation 


h — h(T, P) 




T ds = dh -v dP 


it follows that 


3 h \ 


( 3 s 


Substituting the M axwell relation, Eq. 14.19, we have 

(S), 


151 ,.-T 


\dP )■ 

On substituting this equation and Eq. 14.23, we have 


dh = C p dT + 
Along an isobar we have 


Tl dV 
v - T — 
3 T 


dP 


(14.25) 


(14.26) 


d h p — C p dT p 


and along an isotherm, 


dh T = 


/3V 

\3T 


p J 


dPj 


(14.27) 
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FIGURE 14.4 Sketch 
showing various paths by 
which a given change of 
state can take place. 


The significance of Eq. 14.26 is that this equation can be integrated to give the change 
in enthalpy associated with a change of state 



(14.28) 


The information needed to integrate the first term is a constant-pressure specific heat 
along one (and only one) isobar. The integration of the second integral requires that an 
equation of state giving the relation between P, v, and T be known. Furthermore, it is 
advantageous to have this equation of state explicit in v, for then the derivative (9v/3 T) P is 
readily evaluated. 

This matter can be further illustrated by reference to Fig. 14.4. Suppose we wish 
to know the change of enthalpy between states 1 and 2. We might determine this change 
along path l-x-2, which consists of one isotherm, 1-x, and one isobar, x-2. Thus, we could 
integrate Eq. 14.28: 



Since Ti = T x and Pi = P x , this can be written 



The second term in this equation gives the change in enthalpy along the isotherm 
1-x and the first term the change in enthalpy along the isobar x-2. When these are added 
together, the result is the net change in enthalpy between 1 and 2. Therefore, the constant- 
pressure specific heat must be known along the isobar passing through 2 and x. The change 
in enthalpy could also befound by following path l-y-2, in which case the constant- pressure 
specific heat must be known along the 1-y isobar. If the constant-pressure specific heat is 
known at another pressure, say, the isobar passing through m-n, the change in enthalpy 
can befound by following path l-m-n-2. This involves calculating the change of enthalpy 
along two isotherms— 1-m and n-2. 


FIGURE 14.4 Sketch 
showing various paths by 
which a given change of 
state can take place. 


P = constant 


T 
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Let us now derive a similar relation for the change of internal energy. All the steps 
in this derivation are given but without detailed comment. Note that the starting point is to 
write u — u(T, v), whereas in the case of enthalpy the starting point wash = h(T, P). 


u = f[T,v) 


du = 




T ds = du + P dv 


dv 


Therefore, 


© r = r d) T - p 

Substituting the M axwell relation, Eg. 14.18, we have 



Therefore, 


(14.29) 


du = C v dT + 



dv 


Along an isometric this reduces to 


d u ]/ — C ,/ dT v 


(14.30) 


and along an isotherm we have 

du T 



dv T 


(14.31) 


In a manner similar to that outlined earlier for changes in enthalpy, the change of 
internal energy for a given change of state for a pure substance can be determined from 
Eq. 14.30 if the constant-volume specific heat is known along one isometric and an equation 
of state explicit in P [to obtain the derivative (9P/3T) V ] is available in the region involved. 
A diagram similar to Fig. 14.4 could be drawn, with the isobars replaced with isometrics, 
and the same general conclusions would be reached. 

To summarize, we have derived Eqs. 14.26 and 14.30: 


dh = C p dT + 


v-T 



dP 


du = C v dT + 



dv 


The first of these equations concerns the change of enthalpy, the constant-pressure specific 
heat, and is particularly suited to an equation of state explicit in v. The second equation 
concerns the change of internal energy and the constant-volume specific heat, and is par- 
ticularly suited to an equation of state explicit in P . If the first of these equations is used to 
determine the change of enthalpy, the internal energy is readily found by noting that 


u 2 -u 1 = h 2 -h 1 - (P 2 v 2 - PiVi) 
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If the second equation is used to find changes of internal energy, the change of enthalpy is 
readily found from this same relation. Which of these two equations is used to determine 
changes in internal energy and enthalpy will depend on the information avail able for specific 
heat and an equation of state (or other P-v-T data). 

Two parallel expressions can be found for the change of entropy: 


s=s(T,P) 


ds = 




Substituting Eqs. 14.19 and 14.23, we have 


ds 




(14.32) 


S2-S1 




dP 


(14.33) 


Along an isobar we have 


(s 2 — s i) P 



dT P 

p ~ 


and along an isotherm 


(s 2 — Si) T 



dP 


Note from Eq. 14.33 that if a constant- pressure specific heat is known along one isobar 
and an equation of state explicit in v is available, the change of entropy can be evaluated. 
This is analogous to the expression for the change of enthalpy given in Eq. 14.26. 


s — s(T , v) 


ds = 



dv 


Substituting Eqs. 14.18 and 14.24 gives 


ds = C V 


dT 

T 



(14.34) 


S2 - Si 



dv 


(14.35) 


This expression for change of entropy concerns the change of entropy along an iso- 
metric where the constant-volume specific heat is known and along an isotherm where an 
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equation of state explicit in P is known. Thus, it is analogous to the expression for change 
of internal energy given in Eq. 14.30. 


EXAMPLE 14.3 


Over a certai n smal I range of pressures and temperatures, the equati on of state of a certai n 
substance is given with reasonable accuracy by the relation 


or 


Pv 

~RT 



v = 


RT C 

~T~ f 1 


whereC and C' are constants. 

Derive an expression for the change of enthalpy and entropy of this substance in an 
isothermal process. 


Control mass: Gas. 


Solution 


Si nee the equation of state is explicit in v, Eq. 14.27 is particularly relevant to the change 
in enthalpy. On integrating this equation, we have 

r>2 r 


(h 2 -hi) T = j v-T 
From the equation of state, 


(SL 


dPi 


dv \ _ R 3 C 
df _ P“ + T 4 


Therefore, 


(/i 2 -/ii)r = f 

-Jf 


tI R 3 C 
V P + T 4 


dPi 


FRT 

C 

RT 

3C 1 

_ P 

73 

P 

T3_ 


dPi 


r 2 4C 4C 

(h 2 - h!) T = J dP T = -JJ (P 2 - Pih 

For the change in entropy we use Eq. 14.33, which is particularly relevant for an 
equation of state explicit in v. 

-2 


{s! - s ' )t =-L (.w)/ h= -L 


2 / R 3C , 

-p+jj)dP T 


P 2 


(s 2 -Si) t = -R In -M - — (P 2 -P 


Pi 


3C 


T 4 


'Or 
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In-Text Concept Questions 

a. M ention two uses of the Clapeyron equation. 

b. If I raise the temperature in a constant-presure process, doesg go up or down? 

c. If I raise the pressure in an isentropic process, does h go up or down? Is that indepen- 
dent of the phase? 


14.5 


VOLUME EXPANSIVITY AND ISOTHERMAL AND 
ADIABATIC COMPRESSIBILITY 


The student has most likely encountered the coefficient of linear expansion in his or her 
studies of strength of materials. This coefficient indicates how the length of a solid body is 
influenced by a change in temperature while the pressure remains constant, in terms of the 
notation of partial derivatives, the coefficient of linear expansion, S T , is defined as 

*-£(£), (1436) 
A similar coefficient can be defined for changes in volume. Such a coefficient is 
applicable to liquids and gases as well as to sol ids. This coefficient of volume expansion, a P , 
also called the volume expansivity, isan indication of thechangein volume as temperature 
changes while the pressure remains constant. The definition of volume expansivity is 




1/avT 
v\dT J P 


= 3 S T 


(14.37) 


and it equals three times the coefficient of linear expansion. You should differentiate 1/ = 
L x L y L z with temperature to prove that which is left as a homework exercise. Notice that it is 
the volume expansivity that enters into the expressions for calculating changes in enthalpy, 
Eq. 14.26, and in entropy, Eq. 14.32. 

The isothermal compressibility, p T , is an indication of the change in volume as 
pressure changes while the temperature remains constant. The definition of the isothermal 
compressibility is 


1 (dV 


= ~ tt Utt =--hnr 


1/ \dP 


1 / dV 


V \dP 


(14.38) 


The adiabatic compressibility, /} s , isan indication of thechangein volume as pressure 
changes while entropy remains constant; it is defined as 


l/dv_ 

'v\Jp 


(14.39) 


The adiabatic bulk modulus, B s , is the reciprocal of the adiabatic compressibility. 


n /3 P 

B s = -v — 

V3v 

The velocity of sound, c, in a medium is defined by the relation 

' dP \ 


c 2 = 


dp J s 


(14.40) 


(14.41) 
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This can also be expressed as 


c = -v 



(14.42) 


in terms of the adiabatic bulk modulus B s . For a compressible medium such as a gas the 
speed of sound becomes modest, whereas in an incompressible state such as a liquid or a 
solid it can be quite large. 

Thevolumeexpansivity and isothermal and adiabatic compressibility are thermody- 
namic properties of a substance, and for a simple compressible substance are functions of 
two independent properties. Values of these properties are found in the standard handbooks 
of physical properties. The foil owing exam pies give an indication of the use and significance 
of volume expansivity and isothermal compressibility. 


EXAMPLE 1 4.4 The pressure on a block of copper having a mass of 1 kg is increased in a reversible process 


from 0.1 to 100 M Pa while the temperature is held constant at 15°C. Determine the work 
done on the copper during this process, the change in entropy per kilogram of copper, the 
heat transfer, and the change of internal energy per kilogram. 

Over the range of pressure and temperature in this problem, the following data can 
be used: 


Volume expansivity = a P = 5.0 x 10 -5 K _1 
Isothermal compressibility = p T — 8.6 x 10~ 12 m 2 /N 
Specific volume = 0.000 114 m 3 /kg 


Analysis 

Control mass: Copper block. 

States: initial and final states known. 
Process: Constant temperature, reversible. 

The work done during the isothermal compression is 



The isothermal compressibility has been defined as 



vj3 t dP T = -dv T 


Therefore, for this isothermal process, 



Since v and p T remain essentially constant, this is readily integrated: 
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The change of entropy can be found by considering theM axwell relation, Eq. 14.19, 
and the definition of volume expansivity. 


9s 

dP 


TCTT =- 7TF =-“ TTF = ~Va P 


dv 

af 


ds T = —Vap dP T 

This equation can be readily integrated, if we assume that v and a P remain constant: 

(S2 — Si) T = -Va P [P 2 - P i) T 

The heat transfer for this reversible isothermal process is 

q = T(s 2 - Si) 

The change in internal energy follows directly from the first law. 

(u 2 -Uii=q-w 


Solution 


w 


-^< p]-pd 

0.000 114 x 8.6 x 10~ 12 


(100 2 — 0.1 2 ) X 10 


12 


— 4.9 J /kg 


(S2 - Si)y = —Voip ( P 2 - Pi)t 

= -0.000 114 X 5.0 X 10 5 (100 - 0.1) x 10 6 


= — 0.5694 J /kg K 

q = T (s 2 - s 2 ) = -288.2 x 0.5694 = -164.1 J /kg 
(u 2 - Ui) = q - w = -164.1 - (-4.9) = -159.2J/kg 


14.6 


REAL-GAS BEHAVIOR AND EQUATIONS 
OF STATE 


In Sections 3.6 and 3.7 we examined the P-v-T behavior of gases, and we defined the 
compressibility factor in Eq. 3.7, 


Z = 


Pv 

RT 


We then proceeded to develop the generalized compressibility chart, presented in Appendix 
Fig. D.l in terms of the reduced pressure and temperature. The generalized chart does 
not apply specifically to any one substance, but is instead an approximate relation that is 
reasonably accurate for many substances, especi al ly those that are fai rly si mpl e i n molecular 
structure. In this sense, the generalized compressibility chart can be viewed as one aspect 
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of generalized behavior of substances, and also as a graphical form of equation of state 
representing real behavior of gases and liquids over a broad range of variables. 

To gain additional insight into the behavior of gases at low density, let us examine 
the low-pressure portion of the generalized compressibility chart in greater detail. This 
behavior is as shown in Fig. 14.5. The isotherms are essentially straight lines in this region, 
and their slope is of particular importance. Note that the slope increases as T r increases 
until a maximum value is reached at a T r of about 5, and then the slope decreases toward 
theZ = 1 linefor higher temperatures. That single temperature, about 2.5 times the critical 
temperature, for which 


lim =0 (14.43) 

P-±0\dP J T 

is defined as the Boyle temperature of the substance. This is the only temperature at which 
a gas behaves exactly as an ideal gas at low but finite pressures, since all other isotherms 
go to zero pressureon Fig. 14.5 with a nonzero slope. To amplify this point, let us consider 

the residual volume a, 


RT 

a = --v 

M ultiplying this equation by P , we have 


(14.44) 


aP = RT - Pv 


Thus, the quantity aP is the difference between RT - and Pv. Now as P -> 0, Pv -* RT. 
Flowever, it does not necessarily follow that a -* 0 as P -f 0. Instead, it is only required 
that a remain finite. The derivative in Eq. 14.43 can be written as 


lim 

p-> 0 



lim (y— It 

p^0\P - 0 / 

lim ~^=r(v - 
p^O R T \ 



■rtI'Z r 


(14.45) 


FIGURE 14.5 Low- 
pressure region of 
compressibility chart. 
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from which we find that a tends to zero asP -» 0 only at the Boyle temperature, since that 
is the only temperature for which the isothermal slope is zero on Fig. 14.5. It is perhaps a 
somewhat surprising result that in the limit as P -> 0, Pv -+ RT . In general, however, the 
quantity {RT IP - v) does not go to zero but is instead a small difference between two large 
values. This does have an effect on certain other properties of the gas. 

The compressibility behavior of low-density gases as noted in Fig. 14.5 is the result 
of intermolecular interactions and can be expressed in the form of equation of state called 
the virial equation, which is derived from statistical thermodynamics. The result is 


Z 


Pv B(T) C (T ) D(T) 

RT v v 2 v 3 + "' 


(14.46) 


where B(T), C(T), D(T) are temperature dependent and are called virial coefficients. B(T) 
is termed the second virial coefficient and is due to binary interactions on the molecular 
level. The general temperature dependence of the second virial coefficient is as shown for 
nitrogen in Fig. 14.6. If we multiply Eq. 14.46 by RT IP , the result can be rearranged to the 
form 


RT 

— -v=a = 




— C (T ) 


RT 

Jv 2 '" 


(14.47) 


In the limit, asP 0, 


lim cr = -B(T) (14.48) 

p^O 

and we conclude from Eqs. 14.43 and 14.45 that the single temperature at which B(T) = 
0, Fig. 14.6, is the Boyle temperature. The second virial coefficient can be viewed as the 
first-order correction for nonideality of the gas, and consequently becomes of consider- 
able importance and interest. In fact, the low-density behavior of the isotherms shown in 
Fig. 14.5 is directly attributable to the second virial coefficient. 

Another aspect of generalized behavior of gases is the behavior of isotherms in the 
vicinity of the critical point. If we plot experimental data on P-v coordinates, it is found 
that the critical isotherm is unique in that it goes through a horizontal inflection point at the 
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FIGURE 14.6 The 

second virial coefficient 
for nitrogen. 
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critical point, as shown in Fig. 14.7. M athemati cal ly, this means that the first two derivatives 
are zero at the critical point 



atC.P. 


(14.49) 



atC.P. 


(14.50) 


a feature that is used to constrain many equations of state. 

To this point, we have discussed the generalized compressibility chart, a graphi- 
cal form of equation of state, and the virial equation, a theoretically founded equation 
of state. We now proceed to discuss other analytical equations of state, which may be 
either generalized behavior in form or empirical equations, relying on specific P-v-T 
data of their constants. The oldest generalized equation, the van der Waals equation, is 
a member of the class of equations of state known as cubic equations, presented in Chap- 
ter 3 as Eq. 3.9. This equation was introduced in 1873 as a semitheoretical improvement 
over the ideal-gas model. The van der Waals equation of state has two constants and is 
written as 



The constant b is intended to correct for the volume occupied by the molecules, and the 
term a/v 2 is a correction that accounts for the intermolecular forces of attraction. As might 
be expected in the case of a generalized equation, the Constantsa and b are evaluated from 
the general behavior of gases. In particular, these constants are evaluated by noting that the 
critical isotherm passes through a point of inflection at the critical point and that the slope is 
zero at this point. Therefore, we take the first two derivatives with respect to v of Eq. 14.51 
and set them equal to zero, according to Eqs. 14.49 and 14.50. Then this pair of equations, 


D 



FIGURE 14.7 Plot of 
isotherms in the region 
of the critical point on 
pressure-volume 
coordinates for a typical 
pure substance. 
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along with Eq. 14.51 itself, can be solved simultaneously for a, b, and v c . The result is 


v c = 3b 

27 R 2 T 2 r 

a = - 

64 P c 


b = 


RTc 
8 Pc 


(14.52) 


The compressibility factor at the critical point for the van der Waals equation is 
therefore 


PcVc 3 

c RTc 8 


which is considerably higher than the actual value for any substance. 

Another cubic equation of state that is considerably more accurate than the van der 
Waals equation is that proposed by Redlich and K wong in 1949. 


RT a 

v-b v(v + b)TV 2 

(14.53) 

□ 2 t 5/2 

a = 0.427 48 c 

° c 

(14.54) 


b = 0.086 64-^8 (14.55) 

• C 

The numerical values in the constants have been determined by a procedure similar 
to that followed in the van der Waals equation. Because of its simplicity, this equation was 
not sufficiently accurate to be used in the calculation of precision tables of thermodynamic 
properties. Ithas, however, been used frequently for mixture calculations and phase equilib- 
rium correlations with reasonably good success. Several modified versions of this equation 
have also been utilized in recent years, two of which are given in Appendix D. 

Empirical equations of state have been presented and used to represent real-substance 
behavior for many years. The Beattie- Bridgeman equation, containing five empirical con- 
tants, was introduced in 1928. In 1940, the Benedict-Webb-Rubin equation, commonly 
termed the B 1/1//? equation, extended that equation with three additional terms in order to 
better represent higher-density behavior. Several modifications of this equation have been 
used over the years, often to correlate gas-mixture behavior. 

One particularly interesting modification of the BWR equation of state is the ee- 
Kesler equation, which was proposed in 1975. This equation has 12 constants and is written 
in terms of generalized properties as 


Z = 


PrV'r 

Tr 


, 6 C 

= 1+ — + -r 


J7 


B=6l 

‘ r 

c=Ci_ r 

c =« 1 + £ 

' r 


T? 

C3_ 

Tf 


c 4 

w 



(14.56) 
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in which the variable vf is not the true reduced specific volume but is instead defined as 


RT C /P C 


(14.57) 


Empirical constants for simple fluids for this equation are given in Appendix Table D.2. 

When using computer software to calculate the compressibility factor Z at a given 
reduced temperature and reduced pressure, a third parameter, a>, the acentric factor (defined 
and values listed in Appendix D) can be included in order to improve the accuracy of the 
correlation, especially near or at saturation states. In the software, the value calculated for 
the simplefluid iscalledZO, while a correction term, called the deviation Zl, isdetermined 
after using a different set of constants for the Lee-Kesler equation of state. The overall 
compressibility Z is then 


Z = Z0 + «Z1 (14.58) 

Finally, it should be noted that modern equations of state use a different approach to 
represent P-v-T behavior in calculating thermodynamic properties and tables. This subject 
will be discussed in detail in Section 14.11. 


14.7 


THE GENERALIZED CHART FOR CHANGES 
OF ENTHALPY AT CONSTANT TEMPERATURE 


In Section 14.4, Eq. 14.27 was derived for the change of enthalpy at constant temperature. 


(hi-h^r 


a 



dP T 


This equation is appropriately used when a volume-explicit equation of state is known. 
Otherwise, it is more convenient to calculate the isothermal change in internal energy from 
Eq. 14.31 


(u 2 - Ui) r 



dv T 


and then calculate the change in enthalpy from its definition as 


(h 2 -h 1 ) = (u 2 -Ui) + (P 2 V 2 - PiVi) 
= (u 2 -u 1 ) + RT(Z 2 -Z 1 ) 


To determine the change in enthalpy behavior consistent with the generalized chart, 
Fig. D.l, we follow the second of these approaches, since the Lee-Kesler generalized 
equation of state, Eq. 14.56, is a pressure-explicit form in terms of specific volume and 
temperature. Equation 14.56 is expressed in terms of the compressibility factor Z, so we 
write 


n ZRT (d P\ ZR RT ( 3Z\ 

f= — brWMsT 

Therefore, substituting into Eq. 14.31, we have 


du 
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EXAMPLE 14.5 


But 

dv__dv^ d J__ d J± 

~T ~ TT 

so that, in terms of reduced variables, 


1 . T}(dZ\ 

RT c du v;(a T r \, 


dv[ 


This expression is now integrated at constant temperature from any given state (P r ,v/) to 
the ideal-gas limit ( P * 0, v'* ->• oo)(the superscript * will always denote an ideal-gas 

state or property), causing an internal energy change or departure from the ideal -gas value 
at the given state, 



(14.59) 


The integral on the right-hand side of Eq. 14.59 can be evaluated from the Lee-Kesler 
equation, Eq. 14.56. Thecorresponding enthalpy departure atthegiven state ( P r , v' ) isthen 
found from integrating Eq. 14.59 to be 


h* - h 
RT C 


u* - u 
RT C 


+ T r (l — Z) 


(14.60) 


Following the same procedure as for the compressibility factor, we can evaluate Eq. 14.60 
with the set of Lee-Kesler simple- fluid constants to give a simple- fluid enthalpy departure. 
The values for the enthalpy departure are shown graphically in Fig. D.2. Use of the enthalpy 
departure function is illustrated in Example 14.5. 

Note that when using computer software to determine the enthalpy departure at a 
given reduced temperature and reduced pressure, accuracy can be improved by using the 
acentric factor in the same manner as was done for the compressibility factor in Eq. 14.58. 


Nitrogen is throttled from 20 M Pa, -70°C, to 2 M Pa in an adiabatic, steady-state, steady- 
flow process. Determine the final temperature of the nitrogen. 


Control volume : 
Inlet state: 
Exit state: 
Process: 
Diagram: 
M odel: 


Throttling valve. 

P i, T i known; state fixed. 

P 2 known. 

Steady-state, throttling process. 
Figure 14.8. 

Generalized charts, Fig. D.2. 


Analysis 

First law: 


hi = h 2 
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FIGURE 14.8 Sketch 
for Example 1 4.5. 



Solution 


Using values from Table A .2, we have 

Pi = 20 MPa P rl = ^ = 5.9 

203.2 

Ti = 203.2 K T r i = — — = 1.61 

126.2 

P 2 = 2 M Pa P r2 = -4- = 0.59 
3.39 


From the generalized charts, Fig. D.2, for the change in enthalpy at constant temperature, 
we have 


h*-h i 


P Tr 


= 2.1 


h 1 = 2.1 X 0.2968 X 126.2 = 78.7 kj /kg 


1 1 i s now necessary to assume afinal tern perature and to check w hether the net change 
in enthalpy for the process is zero. Let us assume that T 2 = 146 K . Then the change in 
enthalpy between 1* and 2* can be found from the zero-pressure, specific-heat data. 


h* - h* 2 =C p o(T? - T* 2 ) = 1.0416(203.2 - 146) = +59.6 kj /kg 


(The variation in C p o with temperature can be taken into account when necessary.) 
We now find the enthalpy change between 2* and 2. 

146 

T r2 = — - = 1.157 P r 2 — 0.59 

126.2 

Therefore, from the enthalpy departure chart, Fig. D.2, at this state 


n i c 

h* 2 -h 2 = 0.5 x 0.2968 x 126.2 = 19.5 kj /kg 
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We now check to see whether the net change in enthalpy for the process is zero. 

h 1 -h 2 = 0 = -(hf-h i) + (hf - h$) + (h$ - h 2 ) 

= -78.7 + 59.6 + 19.5 « 0 

It essentially checks. We conclude that the final temperature is approximately 146 K . It 
is interesting that the thermodynamic tables for nitrogen, Table B.6, give essentially this 
same value for the final temperature. 


14.8 


THE GENERALIZED CHART FOR CHANGES OF 
ENTROPY AT CONSTANT TEMPERATURE 


In this section we wish to develop a generalized chart giving entropy departures from i deal - 
gas values at a given temperature and pressure in a manner similar to that followed for 
enthalpy in the previous section. Once again, we have two alternatives. From Eq. 14.32, at 
constant temperature, 


ds T 



dP T 


which is convenient for use with a volume-explicit equation of state. The Lee- Kesler expres- 
sion, Eq. 14.56, is, however, a pressure-explicit equation. It is therefore more appropriate 
to use Eq. 14.34, which is, along an isotherm, 


ds T 



dv T 


In the Lee- Kesler form, in terms of reduced properties, this equation becomes 


ds 

T 



dv' r 


When this expression is integrated from a given state (P r ,v' r ) to the ideal-gas limit 
(P* -> 0, v'* -* oo), there is a problem because ideal-gas entropy is a function of pressure 
and approaches infinity as the pressure approaches zero. We can eliminate this problem 
with a two-step procedure. First, the integral is taken only to a certain finite P*, v'*, which 
gives the entropy change 


-s P 


R 



(14.61) 


This integration by itself is not entirely acceptable, because it contains the entropy at some 
arbitrary low-reference pressure. A value for the reference pressure would have to be spec- 
ified. Let us now repeat the integration over the same change of state, except this time for 
a hypothetical ideal gas. The entropy change for this integration is 


s*-s* p 

J V^=+' , v (14 ' 62) 

If we now subtract Eq. 14.62 from Eq. 14.61, the result is the difference in entropy of a 
hypothetical ideal gas at a given state (T r , P r ) and that of the real substance at the same 
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FIGURE 14.9 Real 

and ideal gas states and 
entropies. 



state, or 



Here the values associated with the arbitrary reference state P*, v'* cancel out of the right- 
hand side of the equation. (The first term of the integral includes the term +ln(P/P*), 
which cancels the other term.) The three different states associated with the development of 
Eq. 14.63 are shown in Fig. 14.9. 

The same procedure that was given in Section 14.7 for enthalpy departure values is 
followed for generalized entropy departure values. The Lee-Kesler simple- fluid constants 
are used in evaluating the integral of Eq. 14.63 and yield a simple- fluid entropy departure. 
The values for the entropy departure are shown graphically in Fig. D.3. Note that when 
using computer software to determine the entropy departure at a given reduced temperature 
and reduced pressure, accuracy can be improved by using the acentric factor in the same 
manner as was done for the compressibility factor in Eq. 14.58 and subsequently for the 
enthalpy departure in Section 14.7. 


EXAMP N itrogen at 8 M Pa, 150 K, is throttled to 0.5 M Pa. After the gas passes through a short 

length of pipe, its temperature is measured and found to be 125 K. Determine the heat 
transfer and the change of entropy using the generalized charts. Compare these results 
with those obtained by using the nitrogen tables. 


Control volume: 
Inlet state: 
Exit state: 
Process: 
Diagram: 
Model: 


Throttle and pipe. 

P i, 7 1 known; state fixed. 

P 2 , T 2 known; state fixed. 

Steady state. 

Figure 14.10. 

Generalized charts, results to be compared with those 
obtained with nitrogen tables. 
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FIGURE 14.10 

S Sketch for Example 14.6. 

Analysis 

No work is done, and we neglect changes in kinetic and potential energies. Therefore, per 
kilogram, 

First law: 

q +hi = h 2 

q =h 2 -h 1 = ~(h* 2 - h 2 ) + (h* 2 - hf) + (hj - h i) 


Solution 

Using values from Table A .2, we have 


Pr i 

Pr 2 


8 

139 

0.5 

139 


2.36 

0.147 


From Fig. D.2, 


hf-h i 

RT C 


= 2.5 


T r i = 


Trl = 


150 

126.2 

125 

126.2 


1.189 

0.99 


hi - hi = 2.5 x 0.2968 x 126.2 = 93.6 kj/kg 

hJ tYT = 015 

h* 2 -h 2 = 0.15 x 0.2968 x 126.2 = 5.6 kj/kg 
Assuming a constant specific heat for the ideal gas, we have 


h* 2 -hl = C p o (T 2 - Ti) = 1.0416(125 - 150) = -26.0 kj/kg 
q =-5.6 - 26.0 + 93.6 = 62.0 kj/kg 

From the nitrogen tables, Table B.6, we can find the change of enthalpy directly. 
q = h 2 - hi = 123.77 - 61.92 = 61.85 kj/kg 
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To calculate the change of entropy using the generalized charts, we proceed as follows: 

S2 — Sl = — (Sp 2 j 2 - 52) + (s*p 2 j 2 - S* PlJl ) + (S* PlJl - Si) 

From Fig. D.3 

S Pi,Ti ~ S PiJ 1 _ ^ g 

R 

5pi ji - s PlJl = 1.6 X 0.2968 = 0.475 kj /kg K 


s*p 2 j 2 - s P2j2 = 0.1 x 0.2968 = 0.0297 kj /kg K 
Assuming a constant specific heat for the ideal gas, we have 

5 p 2 ,T2 ~ 5 *PiJi = C po ~ ^ 

= 1.0416 ln^ - 0.2968 ln^ 
= 0.6330 kj /kg K 

s 2 - Si = -0.0297 + 0.6330 + 0.475 
= 1.078 kj /kg K 

From the nitrogen tables, Table B.6, 

s 2 - Si = -5.4282 - 4.3522 = 1.0760 kj /kg K 


In-Text Concept Questions 

d. If I raise the pressure in a solid at constant T, does s go up or down? 

e. What does it imply if the compressibility factor is larger that 1? 

f. What is the benefit of the generalized charts? Which properties must be known besides 
the charts themselves? 


14.9 


THE PROPERTY RELATION FOR MIXTURES 


in Chapter 13 our consideration of mixtures was limited to ideal gases. There was no need 
at that point for further expansion of the subject. We now continue this subject with a view 
toward developing the property relations for mixtures. This subject will be particularly 
relevant to our consideration of chemical equilibrium in Chapter 16. 

For a mixture, any extensive property X is a function of the temperature and pressure 
of the mixture and the number of moles of each component. Thus, for a mixture of two 
components, 


X = f(T,P,n A ,n B ) 
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Therefore, 


3 n A 


dn A + — 


T,P,n B 


3X 
9n b 


dn t 


(14.64) 


T.P.r M 


Since at constant temperature and pressure an extensive property is directly propor- 
tional to the mass, Eq. 14.64 can be integrated to give 


Xt,p = X A n A + X B n B 


(14.65) 


where 


Xa 


(—) 

\dn A ) T,P,n B 


X s 


dx_\ 

) T,P,n A 


Here X ~ is defined as the partial molal property for a component in a mixture. It is 
particularly important to note that the partial molal property is defined under conditions of 
constant temperature and pressure. 

The partial molal property is particularly significant when a mixture undergoes a 
chemical reaction. Suppose a mixture consists of components A and B, and a chemical 
reaction takes place so that the number of moles of A is changed by dn A and the number of 
moles of B by dn B . The temperature and the pressure remain constant. What is the change 
in internal energy of the mixture during this process? From Eq. 14.64 we conclude that 

dU T ,p =U~ A dn A +U~ B dn B (14.66) 

where U~ A and U~ B are the partial molal internal energy of A and 6, respectively. Equation 
14.66 suggests that the partial molal internal energy of each component can also be defined 
as the internal energy of the component as it exists in the mixture. 

In Section 14.3 we considered a number of property relations for systems of fixed 
mass such as 


dU = T dS-P dV 


In this equation, temperature is the intensive property or potential function associated with 
entropy, and pressure is the intensive property associated with volume. Suppose we have a 
chemical reaction such as described in the previous paragraph. How would we modify this 
property relation for this situation? I ntuitively, we might write the equation 

dU =T dS - P dV + n A dn A + fi B dn B (14.67) 


where ^ A is the intensive property or potential function associated with n A , and similarly 
hb for n B . This potential function is called thechemical potential. 

To derive an expression for this chemical potential, we examine Eq. 14.67 and con- 
clude that it might be reasonable to write an expression for U in the form 


U = f(S, V , n A , n B ) 


Therefore, 

du=( dl L 

V 95 

Since the expressions 


“ S + ' 5v)s,„. 


dv + (^r) dnA 

\9"A ) S,V,r> B 


3 U 
dn B 


dn t 


S,V,n A 


3U_ 

Is 


and (?T) 

V,n A ,n B V 3 V ) s,n A ,n B 
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imply constant composition, it follows from Eq. 14.20 that 

= T “ d {w 


Thus 


dU =T dS-P d V + ( — 
\dn A 


= -P 


S,n A ,n B 


dri/ 


S, V,n B 


dU 


drit 


drii 


(14.68) 


B / S,V,n A 


On comparing this equation with Eq. 14.67, we find that the chemical potential can 
be defined by the relation 


M/i = 


dU 

d n A/ S,V,n A 


HB = 


dU 

dn B / S,V,n A 


(14.69) 


We can also relate the chemical potential to the partial molal Gibbs function. We 
proceed as follows: 


G =U +PV -TS 

dG =dU +P dV +V dP - T dS-SdT 


Substituting Eq. 14.67 into this relation, we have 

dG = -S dT + V dP + ha dn A + ^ B dn B (14.70) 

Thisequation suggests that we write an expression forG in the fol lowi ng form: 

G = f(T, P ,n A ,n B ) 


Proceeding as we did for a similar expression for internal energy, we have 

dG 


, r i dG 

dG = l w 


P.n A .n B 


>t (d G 
dT + — 
\dP 


dP 


T ,Ha,Hb 


dn A 


, ( dG 

dn A + — 


r,P,n B 


\dn E 


dn f 


B ST,P,n A 


= -SdT + V dP + ( — 

\dn A / T p nB 


dnA + \^r) driB 

B ) T,P ,n A 


When 


thisequation is compared with Eq. 14.70, it follows that 


M/i = 



MB 



T,P,n A 


Because partial molal properties are defined at constant temperature and pressure, 
the quantities [dG /dn A ) T P „ B and (dG/dn B ) T<P are the partial molal Gibbs functions 
for the two components. That is, the chemical potential isequal to the partial molal Gibbs 
function. 


r , dG 
M/i = G A = ( —— 

,dn A / t.P ,n B 


m»=<t s = [1T 

, dn B/T,P,n A 


(14.71) 


Although ii can also be defined in terms of other properties, such as in Eq. 14.69, this 
expression is not the partial molal internal energy, since the pressure and temperature are 
not constant in this partial derivative. The partial molal Gibbs function is an extremely 
important property in the thermodynamic analysis of chemical reactions, for at constant 
temperature and pressure (the conditions under which many chemical reactions occur) it 
is a measure of the chemical potential or the driving force that tends to make a chemical 
reaction take place. 
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14.10 


PSEUDOPURE SUBSTANCE MODELS 
FOR REAL-GAS MIXTURES 


A basic prerequisite to the treatment of real-gas mixtures i n terms of pseudopure substance 
models is the concept and use of appropriate reference states. As an introduction to this 
topic, let us consider several preliminary reference state questions for a pure substance 
undergoing a change of state, for which it is desired to calculate the entropy change. We can 
express the entropy at the initial state land also at thefinal state 2 in terms of a reference state 
0, in a manner similar to that foil owed when dealing with the generalized-chart corrections. 
It follows that 


51 = So + ( s*p oTo - So) + (Sp 1 j 1 - s*p oTo ) + (Si - s*p iTi ) (14.72) 

5 2 = So + ( s*p oTo - So) + (s*p 2 t 2 - s*p oTo ) + (s 2 - s*p 2h ) (14.73) 

These are entirely general expressions for the entropy at each state in terms of an arbitrary 
reference state value and a set of consistent calculations from that state to the actual desired 
state. One simplification of these equations would result from choosing the reference state 
to be a hypothetical ideal-gas state at P 0 and T 0 , thereby making the term 

(s P Vo-s o) = 0 (14.74) 

in each equation, which results in 

So = Sq (14.75) 

It should be apparent that this choice is a reasonable one, since whatever value is chosen 
for the correction term, Eq. 14.74, it will cancel out of the two equations when the change 
s 2 - Si is calculated, and the simplest value to choose is zero. In a similar manner, the 
simplest value to choose for the ideal-gas reference value, Eq. 14.75, is zero, and we would 
commonly do that if there are no restrictions on choice, such as occur in the case of a 
chemical reaction. 

Another point to be noted concerning reference states is related to the choice of P 0 
and T o. For this purpose, let us substitute Eqs. 14.74 and 14.75 into Eqs. 14.72 and 14.73, 
and also assume constant specific heat, such that those equations can bewritten in theform 

si = s 0 * + C p o \n(IA - R ln(^) + (si - s* PlTl ) (14.76) 

s 2 = s 0 * + C p o \n(^) - R In(^) + (s 2 - s*p 2h ) (14.77) 

Since the choice for P 0 and T 0 isarbitrary if there are no restrictions, such as would be the 
case with chemical reactions, it should be apparent from examining Eqs. 14.76 and 14.77 
that the simplest choice would be for 

Po=P i or P 2 To = Ti or T 2 

It should be emphasized that inasmuch as the reference state was chosen as a hypothetical 
ideal gasatPo, T 0 , Eq. 14.74, it is immaterial how the real substance behaves at that pressure 
and temperature. Asa result, there is no need to select a low value for the reference state 
pressure P 0 . 
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FIGURE 14.11 

Example of mixing 
process. 


Let us now extend these reference state developments to include real-gas mixtures. 
Consider the mixing process shown in Fig. 14.11, with the states and amounts of each 
substance as given on the diagram. Proceeding with entropy expressions as was done earlier, 
we have 


Si =s; o +r p0 , ln(^0 - R + (si-s* PlTl )A (14.78) 

s 2 = Sg o + Cp 0s In(^) -R In(^) + (Si - s* P2T2 )B (14.79) 

S 3 = s-* iXo + C p 0mix Inf ^ - R ln(^ + (s 3 - S? 3 r 3 )mix (14.80) 

in which 

Smix„ = Ya5a b + YbS* Bo - R(y A In y A + y B In y B ) ( 14 . 81 ) 

c P°mix = P°a + YbC P°b ( 14 . 82 ) 


When Eqs. 14.78-14.80 are substituted into the equation for the entropy change, 

n 3 s 3 - - n 2 s 2 

the arbitrary reference values, s 4 * 0 ,s| 0 , P 0 , and T 0 all cancel out of the result, which is, 
of course, necessary in view of their arbitrary nature. An ideal-gas entropy of mixing 
expression, the final term in Eq. 14.81, remains in the result, establishing, in effect, the 
mixture reference value relative to its components. The remarks made earlier concerning 
the choices for reference state and the reference state entropies apply in this situation as 
well. 

To summarize the development to this point, we find that a calculation of real mixture 
properties, as, for example, using Eq. 14.80, requires the establishment of a hypothetical 
ideal gas reference state, a consistent ideal-gas calculation to the conditions of the real 
mixture, and finally, a correction that accounts for the real behavior of the mixture at that 
state. This last term is the only place where the real behavior is introduced, and this is 
therefore the term that must be calculated by the pseudopure substance mode to be used. 

in treating a real-gas mixture as a pseudopure substance, we will follow two ap- 
proaches to represent the P-v-T behavior: use of the generalized charts and use of an 
analytical equation of state. With the generalized charts, we need to have a model that pro- 
vides a set of pseudocritical pressure and temperature in terms of the mixture component 
values. M any such models have been proposed and utilized over the years, but the simplest 


rt 


Pure A 
at P -I , r ! 


Pure B 
at P 2 , T 2 



Real mix 
at P3, T3 
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EXAMPLE 14.7 


isthat suggested by W. B. Kay in 1936, in which 


(^c)mix — ^ ' y< P ci > (^"c)mix — ^ ' Yi^d 
i i 


(14.83) 


This is the only pseudocritical model that we will consider in this chapter. Other models are 
somewhat more complicated to evaluate and use but are considerably more accurate. 

The other approach to be considered involves using an analytical equation of state, 
in which the equation for the mixture must be developed from that for the components, 
in other words, for an equation in which the constants are known for each component, we 
must develop a set of empirical combining rules that will then give a set of constants for the 
mixture as though it were a pseudopure substance. This problem has been studied for many 
equations of state, using experimental data forthe real-gas mixtures, and various empirical 
rules have been proposed. For example, for both the van der Waals equation, Eq. 14.51, 
and the Redlich-K wong equation, Eq. 14.53, the two pure substance Constantsa and b are 
commonly combined according to the relations 


dm — 



b m = J2 c 'bi 

i 


(14.84) 


The following example illustrates the use of these two approaches to treating real-gas 
mixtures as pseudopure substances. 


A mixture of 80% CO 2 and 20% CH 4 (mass basis) is maintained at 310.94 K, 86.19 bar, 
at which condition the specific volume has been measured as 0.006757 m 3 /kg. Calculate 
the percent deviation if the specific volume had been calculated by (a) Kay's rule and (b) 
van der Waals’ equation of state. 

Control mass: Gasmixture. 

State: P,v,T known. 

Model: la) Kay's rule, (b) van der Waals’ equation. 


Solution 

Let subscript A denote CO 2 and B denote CH 4 ; then from Tables A .2 and A .5 

T Ca = 304.1 K P Ca = 7.38 MPa R A = 0.1889 kj /kg K 

T Cb = 190.4 K P Cg = 4.60 MPa R B = 0.5183 kj /kg K 

The gas constant from Eq. 13.15 becomes 

R m = J^CiRi = °- 8 x 0.1889 + 0.2 X 0.5183 = 0.2548 kj /kg K 

and the mole fractions are 

y 4 = (c A /M A )/J2(Ci/Mi) = (0.8/44.01) + (0.2/16.043) = °' 5932 
y B = 1 — y A = 0.4068 
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a. For Kay's rule, Eq. 14.83, 

T cm =J2 y ' lTci = yATcA + y B T cB 

i 

= 0.5932(304.1) + 0.4068(190.4) 
= 257.9 k 

Pern =J2 yi P ci ~ yA P cA + yB P cB 
i 

= 0.5932(7.38) + 0.4068(4.60) 

= 6.249 MPa 


Therefore, the pseudoreduced properties of the mixture are 


T 310.94 

T r = — = = 1.206 

m T cm 257.9 

P 8.619 

P '- = ^=^49 = 1 379 


From the generalized chart, Fig. D.l 


and 


v = 


Z m = 0.7 


Z m R m T 0.7 x 0.2548 x 310.94 


P 8619 

The percent deviation from the experimental value is 


= 0.006435 m 3 /kg 


Percent deviation = 


0.006757 - 0.006435\ 
0.006757 ) 


x 100 = 4.8% 


The major factor contributing to this 5% error is the use of the linear Kay’s rule 
pseudocritical model, Eq. 14.83. Use of an accurate pseudocritical model and the gen- 
eralized chart would reduce the error to approximately 1%. 
b. For van der Waals' equation, the pure substance constants are 


^ A 


b A 


64 P cA 


0.18864 


kPam 6 

kg 2 


= 0.000 973 m 3 /kg 

oPcA 


3b 


hs 


VP\T 2 CB 
64 P cB 


0.8931 


kPam 6 

kg 2 


= 0.002682 m 3 /kg 

8 Pee 


and 
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Therefore, for the mixture, from Eq. 14.84, 
a m = [CA^/aJ + Cs-y/aJ) 2 


2 kPa m 6 

= (0.8^0.18864 + 0.270^931) = 0.2878 =- 

kg 2 


b m = Cfibfi +c B b B 


= 0.8 x 0.000973 + 0.2 x 0.002682 = 0.001315 m 3 /kg 


The equation of state for the mixture of this composition is 


P = 


8619 = 


PmT a m 
v-b m v 1 

0.2548 x 310.94 
v - 0.001315 


0.2878 


Solving for v by trial and error, 


v = 0.006326 m 3 /kg 


Percent derivation 


0.006757 


0.006757 


0.006326 \ 


x 100 = 6.4% 


Asa point of interest from the ideal -gas law, v = 0.00919 m 3 /kg, which is a deviation 
of 36% from the measured value. Also, if we use the Redlich-K wong equation of state 
and follow the same procedure as for the van derWaals equation, the calculated specific 
volume of the mixture is 0.00652 m 3 /kg, which is in error by 3.5%. 


We must be careful not to draw too general a conclusion from the results of this 
example. We have calculated percent deviation in v at only a single point for only one 
mixture. We do note, however, that the various methods used give quite different results. 
From a more general study of these models for a number of mixtures, we find that the 
results found here are fairly typical, at least qualitatively. Kay's rule is very useful because 
it is fairly accurate and yet relatively simple. The van der Waals equation is too simplified 
an expression to accurately represent P-v-T behavior, but it is useful to demonstrate the 
procedures followed in utilizing more complex analytical equations of state. The Redlich- 
K wong equation is considerably better and is still relatively simple to use. 

As noted in the example, the more sophisticated generalized behavior models and 
empirical equations of state will represent mixture P-v-T behavior to within about 1% 
over a wide range of density, but they are, of course, more difficult to use than the methods 
considered in Example 14.7. The generalized models have the advantage of being easier to 
use, and they are suitable for hand computations. Calculations with the complex empirical 
equations of state become very involved but have the advantage of expressing the P-v-T 
composition relations in analytical form, which is of great value when using a computer for 
such calculations. 
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14.11 


ENGINEERING APPLICATIONS— 
THERMODYNAMIC TABLES 


For a given pure substance, tables of thermodynamic properties can be developed from 
experimental data in several ways. In this section, we outline the traditional procedure 
followed for the liquid and vapor phases of a substance and then present the more modern 
techniques utilized for this purpose. 

Let us assume that the foil owing data for a pure substance have been obtained in the 
laboratory: 


1. Vapor-pressure data. That is, saturation pressures and temperatures have been mea- 
sured over a wide range. 

2 . Pressure, specific volume, and temperature data in the vapor region. These data are 
usually obtained by determining the mass of the substance in a closed vessel (which 
means a fixed specific volume) and then measuring the pressure as the temperature is 
varied. This is done for a large number of specific volumes. 

3 . Density of the saturated liquid and the critical pressure and temperature. 

4 . Zero-pressure specific heat for the vapor. This might be obtained either calorimetri- 
cally or from spectroscopic data and statistical thermodynamics (see Appendix C). 

From these data, a complete set of thermodynamic tables for the saturated liquid, 
saturated vapor, and superheated vapor can be calculated. The first step is to determine an 
equation for the vapor pressure curve that accurately fits the data. One form commonly used 
is given in terms of reduced pressure and temperature as 


In P r = [C ito + C 2Tq 5 + C 3Tq + C 4 Tg]/T r (14.85) 

where the dimensionless temperature variable is to = 1 - T r . Once the set of constants 
has been determined for the given data, the saturation pressure at any temperature can be 
calculated from Eq. 14.85. The next step is to determine an equation of state for the vapor 
region (including the dense fluid region above the critical point) that accurately represents 
the P-v-T data. It would be desirable to have an equation that is explicit in v in order to use 
P and T as theindependentvariablesin calculating enthalpy and entropy changesfrom Eqs. 
14.26 and 14.33, respectively. Flowever, equations explicit in P, as a function of T and v, 
proveto be more accurate and are consequently the form used in the calculations. Therefore, 
at any chosen P and T (table entries), the equation is solved by iteration for v, so that the T 
and v can then be used as the independent variables in the subsequent calculations. 

The procedure followed in determining enthalpy and entropy is best explained with 
the aid of Fig. 14.12. Let the enthalpy and entropy of saturated liquid at state 1 be set to zero 
(arbitrary reference state). The enthalpy and entropy of saturated vapor at state 2 can then 
be calculated from the Clapeyron equation, Eq. 14.4. The left-hand side of this equation is 
found by differentiating Eq. 14.85, v g is calculated from the equation of state using P g from 
Eq. 14.85, and Vf is found from the experimental data for the saturated liquid phase. 

From state 2, we proceed along this isotherm into the superheated vapor region. The 
specific volume at pressure P 3 is found by iteration from the equation of state. The internal 
energy and entropy are calculated by integrating Eqs. 14.31 and 14.35, and the enthalpy is 
then calculated from its definition. 
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T 



FIGURE 14.12 

Sketch showing the 
procedure for 
developing a table of 
thermodynamic 
properties from 
experimental data. 


The properties at point 4 are found in exactly the same manner. Pressure P 4 is suf- 
ficiently low that the real superheated vapor behaves essentially as an ideal gas (perhaps 
1 kPa). Thus, we use this constant-pressure line to make all temperature changes for our 
calculations, as, for example, to point 5. Since the specific heatC p o is known as a function 
of temperature, the enthalpy and entropy at 5 are found by integrating Eqs. 5.24 and 8.15. 
The properties at points 6 and 7 are found from those at point 5 in the same manner as those 
at points 3 and 4 were found from point 2. (The saturation pressure P 7 is calculated from 
the vapor-pressure equation.) Finally, the enthalpy and entropy for saturated liquid at point 
8 are found from the properties at point 7 by applying the Clapeyron equation. 

Thus, values for the pressure, temperature, specific volume, enthalpy, entropy, and 
internal energy of saturated liquid, saturated vapor, and superheated vapor can be tabulated 
for the entire region for which experimental data were obtained. 

The modern approach to developing thermodynamic tables utilizes the Helmholtz 
function, defined by Eq. 14.12. Rewriting the two partial derivatives for a in Eq. 14.21 in 
terms of p instead of v, we have 



(14.86) 



(14.87) 


We now express the Helmholtz function in terms of the ideal-gas contribution plus the 
residual (real substance) contribution, 


FIGURE 14.12 

Sketch showing the 
procedure for 
developing a table of 
thermodynamic 
properties from 
experimental data. 


d{p,T) — a*(p,T) + a r (p,T) 


(14.88) 


or, dividing by RT , 



(14.89) 
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in terms of the reduced variables 


„ P T c 

8=—, T=— 

Pc T 


(14.90) 


To get an expression for the ideal gas portion a* (or a*/RT), we use the relations 

a* = h* - RT - Ts* (14.91) 

in which 


h* = hS+ / dT 


f 

T 0 


(14.92) 


s* = s 0 * + / T-Tl dT - R In 


/ 

TO 


T 


pT 

PoTo 


(14.93) 


where p 0 = P 0 /RT 0 


(14.94) 


and Po, To, hg, and s 0 * are arbitrary constants. 

In these relations, the ideal-gas specific heat C P0 must be expressed as an empirical 
function of temperature. This is commonly of the form of the equations in Appendix A .6, 
often with additional terms, some of theform of the molecular vibrational contributions as 
shown in Appendix C. Following selection of the expression for C Po , the set of equations 
14.91-14.94 gives the desired expression for a*. This value can now be calculated at any 
given temperature relative to the arbitrarily selected constants. 

It is then necessary to give an expression for the residual a r . This is commonly of the 

form 


oT = + ^2 N k 8‘ k r ik exp(-8 ik ) (14.95) 

in which the exponents i k and I* are usually positive integers, while j k is usually positive 
but not an integer. Depending on the substance and the accuracy of fit, each of the two 
summations in Eq. 14.95 may have 4 to 20 terms. The form of Eq. 14.95 is suggested by 
the terms in the Lee-Kesler equation of state, Eq. 14.56. 

We are now able to express the equation of state. From Eq. 14.86, 


Z = 


P 

~pRT ~ 9 


da/RT \ _ 3 /9a\ 
dp ) T ~ \dBj x 



(14.96) 


(Note: since the ideal gas p ( — ^ = — = RT,s( — ^ =1.) 

\dp J T p V 98 ) x 

Differentiating Eq. 14.95 and substituting into Eq. 14.96 results in the equation of state as 
the function Z =Z(<5, r) in terms of the empirical coefficients and exponents of Eq. 14.95. 
These coefficients are now fitted to the available experimental data. Once this has been 
completed, the thermodynamic properties s, u, h, a, and g can be calculated directly, using 
the calculated value of a* at the given T and a r from Eq. 14.95. This gives a/RT directly 
from Eq. 14.89. From Eq. 14.87, 


s 1 / 3a \ _/9a/RT\ a /3a\ 

« = “ R W ), = “ T ‘ RT = 'U ), - " 


(14.97) 
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From Eqs. 14.12 and 14.97, 



(14.98) 


Finally, 



(14.99) 



(14.100) 


This last equation is particularly important, since at saturation the Gibbs functions of the 
liquid and vapor must be equal [h fg = TSf g ). Therefore, atthe given T, the saturation pressure 
is the value for which the Gibbs function (from Eq. 14.100) calculated for the vapor vis equal 
to that calculated for the liquid v. Starting values for this iterative process are the pressure 
from an equation of the form 14.85, with the liquid density from given experimental data 
as discussed earlier in this section. 

This method for using an equation of state to calculate properties of both the va- 
por and liquid phases has the distinct advantage in accuracy of representation, in that no 
mathematical integrations are required in the process. 


SUMMARY As an introduction to the development of property information that can be obtained experi- 


mentally, we derive the C lapeyron equati on. T hi s equation relates the si ope of the two-phase 
boundaries in theP-T diagram to the enthalpy and specific volume change going from one 
phase to the other. If we measure pressure, temperature, and the specific volumes for liquid 
and vapor in equilibrium, we can calculate the enthalpy of evaporation. Because thermo- 
dynamic properties are functions of two variables, a number of relations can be derived 
from the mixed second derivatives and the Gibbs relations, which are known as A axwell 
relations. M any other relations can be derived, and those that are useful let us relate ther- 
modynamic properties to those that can be measured directly likeP, v, T, and indirectly 
like the heat capacities. 

Changes of enthalpy, internal energy, and entropy between two states are presented 
as integrals over properties that can be measured and thus obtained from experimental 
data. Some of the partial derivatives are expressed as coefficients like expansivity and com- 
pressibility, with the process as a qualifier like isothermal or isentropic (adiabatic). These 
coefficients, as single numbers, are useful when they are nearly constant over some range of 
interest, which happens for liquids and solids and thus are found in various handbooks. The 
speed of sound is also a property that can be measured, and it relates to a partial derivative 
in a nonlinear fashion. 

The experimental information about a substance behavior is normally correlated in 
an equation of state relating P-v-T to represent part of the thermodynamic surface. Starting 
with the general compressibility and its extension to the virial equation of state, we lead 
up to other, more complex equations of state (EOS). We show the most versatile equations 
such as the van der Waals EOS, the Redlich-Kwong EOS, and the ee-Kesler EOS, which 
isshown as an extension of Benedict-Webb-Rubin (BWR), with others that are presented 
in Appendix D. The most accurate equations are too complex for hand calculations and are 
used on computers to generate tables of properties. Therefore, we do not cover those details. 


KEY CONCEPTS AND FORMULAS ■ 603 


As an application of the Lee-Kesler EOS for a simple fluid, we present the develop- 
ment of the generalized charts that can be used for substances for which we do not have 
a table. The charts express the deviation of the properties from an ideal gas in terms of a 
compressibility factor (Z) and the enthalpy and entropy departure terms. These charts are 
in dimensionless properties based on the properties at the critical point. 

Properties for ixture: are introduced in general, and the concept of a partial molal 
property leads to the chemical potential derived from the Gibbs function. Real mixtures 
are treated on a mole basis, and we realize that a model is required to do so. We present 
a pseudocritical model of K ay that predicts the critical properties for the mixture and then 
uses the generalized charts. Other models predict EOS parameters for the mixture and then 
use the EOS as for a pure substance. Typical examples here are the van der Waals and 
Redlich-K wong EOSs. 

Engineering applications focus on the development of tables of thermodynamic prop- 
erties. The traditional procedure is covered first, followed by the more modern approach 
to represent properties in terms of an equation of state that represents both the vapor and 
liquid phases. 

You should have learned a number of skills and acquired abilities from studying this 
chapter that will allow you to: 

• Apply and understand the assumptions for the Clapeyron equation. 

• Use the Clapeyron equation for all three two-phase regions. 

• Have a sense of what a partial derivative means. 

• U nderstand why M axwell relations and other relations are relevant. 

• Know that the relations are used to develop expression for changes in h, u, and s. 

• Know that coefficients of linear expansion and compressibility are common data 

useful for describing certain processes. 

• K now that speed of sound is also a property. 

• Befamiliar with various equations of state and their use. 

• K now the background for and how to use the generalized charts. 

• K now that a model is needed to deal with a mixture. 

• Know the pseudocritical model of Kay and the equation of state models for a mixture. 

• Befamiliar with the development of tables of thermodynamic properties. 


KEY CONCEPTS 
AND FORMULAS 


Clapeyron equation 
M axwell relations 

Change in enthalpy 

Change in energy 


dP sat 

dT 


dz = M 


/i 2 -hi 


u 2 -Ui 


h" -h' 

T [v" - v 1 ) ' 

dx + N dy => 



C p dT 

C y dT 


S-L , S-V and V-L regions 

/ 9M \ _ /dN_\ 

\WJ X ~ \~dx)y 



= h 2 -h 1 - [P 2 v 2 - P Wi) 
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Change in entropy 


— !> 



dP 

p 


Virial equation 
Van der Waals equation 

Redlich-K wong 

Other equations of state 

Generalized charts for h 
Enthalpy departure 
Generalized charts for s 
Entropy departure 

Pseudocritical pressure 


BIT) , C (T ) , D(T) 




n PT a . . . 

P= 7 y (mass basis) 


■ • ■ (mass basis) 


P = 


v-b 

RT 


v-b v(v + b)TV* 
See Appendix D. 


(mass basis) 


h 2 -h 1 = (h 2 - hf ) ID G - R T c (Ah 2 - Ah i) 
Ah — {h* - h)/RT c ; h* value for ideal gas 
S2 - si = (s 2 * — sf), D G -R(as 2 - A s\) 

As = (s* -s)/R; s * valuefor ideal gas 

Pc mix = y Zy> p ci 


Pseudocritical temperature 
Pseudopure substance 



b m = J2i Cibi (mass basis) 


CONCEPT-STUDY GUIDE PROBLEMS 

14.1 The slope dP/dT of the vaporization line is finite 
as you approach the critical point, yet h fg and v fg 
both approach zero. How can that be? 

14.2 in view of Clapeyron’s equation and Figure 3.7, 
is there something special about ice / versus the 
other forms of ice? 

14.3 If we take a derivative as (3 P/dT) v in the two- 
phase region (see Figs. 3.18 and 3.19), does it 
matter w hat v i s? H ow about T ? 

14.4 Sketch on a P-T diagram how a constant v line 
behaves in the compressed liquid region, the two- 
phase L-V region, and the superheated vapor 
region. 

14.5 If the pressure is raised in an isothermal process, 
does h go up or down for a liquid or solid? W hat 
do you need to know if it is a gas phase? 

14.6 The equation of state in Example 14.3 was used 
as explicit in v. Is it explicit in P? 

14.7 Over what range of states are the various coeffi- 
cients in Section 14.5 most useful? 


14.8 For a liquid or a solid, is v more sensitive to T or 
PI How about an ideal gas? 

14.9 M ost equations of state are developed to cover 
which range of states? 

14.10 Is an equation of state valid in the two-phase re- 
gions? 

14.11 As P 0, the specific volume v ^ oo. ForP 
oo, does v -» 0? 

14.12 M ust an equation of state satisfy the two condi- 
tions in Eqs. 14.49 and 14.50? 

14.13 At which states are the departure terms for h and 
s small? W hat isZ there? 

14.14 The departure functions for h and s as defined 
are always positive. W hat does that imply for the 
real-substance h andsvalues relative to ideal-gas 
values? 

14.15 What is the benefit of Kay's rule versus a mixture 
equation of state? 
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HOMEWORK PROBLEMS 

Clapeyron Equation 

14.16 An approximation for the saturation pressure can 
be In P sa t = A - B/T , where A and B are con- 
stants. Which phase transition is that suitable for, 
and w hat ki nd of property vari ations are assumed? 

14.17 Verify that Clapeyron’s equation is satisfied for 
R-410a at CPC in Table B. 4. 

14.18 In a Carnot heat engine, the heat addition changes 
the working fluid from saturated liquid to satu- 
rated vapor at T , P . T he heat rejection process oc- 
curs at lower temperature and pressure (T - AT), 
(P - A P). The cycle takes place in a pis- 
ton/cylinder arrangement where the work is 
boundary work. Apply both the first and second 
laws with simple approximations for the integral 
equal to work. Then show that the relation between 
A P and AT results in the Clapeyron equation in 
the limit AT -»• dT . 

14.19 Verify that Clapeyron’s equation is satisfied for 
carbon dioxide at 0°C in Table B. 3. 

14.20 Use the approximation given in Problem 14.16 
andTableB.ltodetermineA andB forsteam from 
properties at 25° C only. Use the equation to pre- 
dict the saturation pressure at 30°C and compare 
this to the table value. 

14.21 A certain refrigerant vapor enters a steady-flow, 
constant-pressure condenser at 150 kPa, 70°C, at 
a rate of 1.5 kg/s, and it exits as saturated liquid. 
Calculate the rate of heat transfer from the con- 
denser. It may be assumed that the vapor is an 
ideal gas and also that at saturation, v f <?c v g . The 
following is known: 

In P g = 8.15 - 1000/7 C p0 = 0.7 kj/kg K 

with pressure in kPa and temperature in K. The 
molecular mass is 100. 

14.22 Calculate the values /v g and Sf g for nitrogen at 70 K 
and at 110 K from theClapeyron equation, using 
the necessary pressure and specific volume values 
from TableB.6.1. 

14.23 Find the saturation pressure for the refrigerant 
R-410a at -80°C, assuming it is higher than the 
triple- point temperature. 

14.24 Ammonia at -70°C is used in a special applica- 
tion at a quality of 50%. Assume the only table 


available is B.2 that goes down to -50°C. To size 
a tank to hold 0.5 kg with x = 0.5, give your best 
estimate for the saturated pressure and the tank 
volume. 

14.25 Use the approximation given in Problem 14.16 
and Table B. 4 to determine A andB for the refrig- 
erant R -410a from properties at 0°C only. Use the 
equation to predict the saturation pressure at 5°C 
and compare this to the table value. 

14.26 The triple point of carbon dioxide is -56.4°C. 
Predict the saturation pressure at that point using 
Table B.3. 

14.27 Helium boils at 4.22 K at atmospheric pressure, 
101.3 kPa, with hf g = 83.3 kj/kmol. By pumping 
a vacuum over liquid helium, the pressure can be 
lowered, and it may then boil at a lower tempera- 
ture. Estimate the necessary pressure to produce 
a boiling temperature of 1 K and one of 0.5 K . 

14.28 Using the properties of water at the triple point, 
develop an equation for the saturation pressure 
along the fusion line as a function of temperature. 

14.29 Using thermodynamic data for water from Tables 
B. 1.1 and B. 1.5, estimate the freezing temperature 
of liquid water at a pressure of 30 M Pa. 

14.30 Ice (solid water) at-3°C, 100 kPa, is compressed 
isothermal ly until it becomes liquid. Find the re- 
quired pressure. 

14.31 From the phase diagrams for carbon dioxide in 
Fig. 3.6 and Fig. 3.7 for water, what can you infer 
for the specific volume change during melting, 
assuming the liquid has a higher h than the solid 
phase for those two substances? 

14.32 A container has a doubl e wal I where thewall cav- 
ity is filled with carbon dioxide at room temper- 
ature and pressure. When the container is filled 
with a cryogenic liquid at 100 K, the carbon diox- 
ide will freezeso that the wall cavity hasa mixture 
of solid and vapor carbon dioxide at the sublima- 
tion pressure. Assume that we do not have data 
for carbon dioxide at 100 K , but it is known that 
at — 90°C, Psub = 38.1 kPa, h ig = 574.5 kj/kg. 
Estimate the pressure in the wall cavity at 100 K . 

14.33 Small solid particles formed in combustion should 
be investigated. We would like to know the subli- 
mation pressure as a function of temperature. The 
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only information available is T , hf g for boiling at 
101.3 kPa and T, b,f for melting at 101.3 kPa. De- 
velop a procedure that will allow a determination 
of the sublimation pressure, P sub (T). 

Property Relations, M axwell Ralations, and Those 
for E nthalpy, I nternal E nergy, and E ntropy 

14.34 Use the Gibbs relation du = Tds - Pdv and one 
of M axwell's relations to find an expression for 
(du/dP )j that only has properties P , v, and T in- 
volved. W hat is the val ue of that parti al derivative 
if you have an ideal gas? 

14.35 Thejoule-Thomson coefficient /x; is a measure 
of the direction and magnitude of the temperature 
change with pressure in a throttling process. For 
any three properties x, y, z, use the mathematical 
relation 



to show the following relations for the Joule- 
Thomson coefficient: 

T f9v) 

ar\ Varjp u pt 2 /8Z\ 

3 P ) h C p PC P \3T ) p 

14.36 Find the J oule-Thomson coefficient for an ideal 
gas from the expression given in Problem 14.35. 

14.37 Startfrom the G i bbs relation dh = Tds + vdP and 
useoneof theM axwell equations to find (dh/dv) T 
in terms of properties P , v, and T. Then use Eq. 
14.24 to also find an expression for (3 h/dT) v . 

14.38 From Eqs. 14.23 and 14.24 and the knowledge 
that C p > C v , what can you conclude about the 
si opes of constant v and constant P curves i n a T-s 
diagram? Notice that we are looking at functions 
T(s, P, or v given). 

14.39 Derive expressions for {dT/dv) u and for ( dh/ds) v 
that do not contain the properties h, u, or s. Use 
Eq. 14.30 with du = 0. 

14.40 Evaluate the isothermal changes in internal en- 
ergy, enthalpy, and entropy for an ideal gas. Con- 
firm the results in Chapters 5 and 8. 

14.41 D evelop an expression for the vari ati on i n temper- 
ature with pressure in a constant-entropy process, 
(3T IdP ) s , thatonly includes the properties P-v-T 
and the specific heat, C p . Follow the development 
of Eq. 14.32. 


14.42 Use Eq. 14.34 to derive an expression for the 
derivative (3 T / 3v) s . W hat is the general shape of 
a constants process curve in a T -v diagram? For 
an ideal gas, can you say a little more about the 
shape? 

14.43 Show thattheP-v-T relation asP (v- b) = RT sat- 
isfies the mathematical relation in Problem 14.35. 

Volume Expansivity and Compressibility 

14.44 What are the volume expansivity a p , the isother- 
mal compressibility p T , and the adiabatic com- 
pressibility p s for an ideal gas? 

14.45 Assumethatasubstancehasuniform propertiesin 
all directions with V =L x L y L z . Show that volume 
expansivity a p = 38 T . (Hint, differentiate with re- 
spect to T and divide by V.) 

14.46 Determine the volume expansivity, a p , and the 
isothermal compressibility, fr, for water at 20°C, 
5 M Pa and at 300°C, 15 M Pa using the steam 
tables. 

14.47 Use the CATT3 software to solve the previous 
problem. 

14.48 A cylinder fitted with a piston contains liquid 
methanol at 20°C, 100 kPa, and volume 10 L. 
The piston is moved, compressing the methanol 
to 20 MPa at constant temperature. Calculate 
the work required for this process. The isother- 
mal compressibility of liquid methanol at20°C is 
1.22 xlO -9 m 2 /N . 

14.49 For commercial copper at 25°C (see Table A. 3), 
the speed of sound is about 4800 m/s. W hat is the 
adiabatic compressibility /3 S ? 

14.50 Use Eq. 14.32 to solve for (3T/3P) S in terms of 
T, v, C p , and a p . Flow large a temperature change 
does water at 25°C (a p = 2.1 x 10~ 4 K _1 ) have 
when compressed from 100 kPa to 1000 kPa in an 
isentropic process? 

14.51 Sound waves propagate through media as pressure 
waves that cause the media to go through isen- 
tropic compression and expansion processes. The 
speed of sound c is defined by c 2 = (3P/3p) s and 
it can be related to the adiabatic compressibility, 
which for liquid ethanol at 20°C is 9.4 x 10~ 10 
m 2 /N .Find the speed of sound at this temperature. 

14.52 UseTableB.3tofindthespeedof sound forcarbon 
dioxide at 2500 kPa near 100°C. Approximate the 
partial derivative numerically. 
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14.53 Use the CATT3 software to solve the previous 
problem. 

14.54 Consider the speed of sound as defined in 
Eq. 14.42. Calculate the speed of sound for liq- 
uid water at 20°C, 2.5 M Pa, and for water vapor 
at200°C, 300 kPa, using the steam tables. 

14.55 Use the CATT3 software to solve the previous 
problem. 

14.56 Soft rubber is used as part of a motor mount- 
ing. Its adiabatic bulk modulus is B s = 2.82 x 
10 6 kPa, and the volume expansivity is a p = 
4.86 x 10~ 4 K -1 . What is the speed of sound 
vibrations through the rubber, and what is the 
relative volume change for a pressure change of 
1 M Pa? 

14.57 Liquid methanol at 25°C has an adiabatic com- 
pressibility of 1.05 x 10~ 9 m 2 /N. What is the 
speed of sound? If it is compressed from 100 kPa 
to 10 M Pa in an insulated piston/cylinder, what is 
the specific work? 

14.58 UseEq. 14.32 to solve for (9T/9P) S in terms of T, 
v, C p , and a p . How much higher does the temper- 
ature become for the compression of the methanol 
in Problem 14.57? Usea p = 2.4 x 10~ 4 K -1 for 
methanol at25°C. 

14.59 Find the speed of sound for air at 20°C, 100 kPa, 
using the definition in Eq. 14.42 and relations for 
polytropic processes in ideal gases. 


Equations of State 

14.60 UseTableB.3 and find the compressibility of car- 
bon dioxide at the critical point. 

14.61 Use the equation of state as shown in Example 
14.3, where changes in enthalpy and entropy were 
found. Find the isothermal change in internal en- 
ergy in a similar fashion; do not compute it from 
enthalpy. 

14.62 Use Table B.4 to find the compressibility of R- 
410aat60°C and (a) saturated liquid, (b) saturated 
vapor, and (c) 3000 kPa. 

14.63 U sea truncated virial equation of state (EOS) that 
includes the term with B for carbon dioxide at 
20°C, 1 M Pa for which B = -0.128 m 3 /kmol, 
and T(dB/dT ) = 0.266 m 3 /kmol. Find the differ- 
ence between the ideal-gas value and the real-gas 
value of the internal energy. 


14.64 

14.65 

14.66 

14.67 


14.68 

14.69 

Z 

14.70 

14.71 

14.72 

14.73 

14.74 

14.75 


Solve the previous problem with the values in 
Table B. 3 and find the compressibility of the car- 
bon dioxide at that state. 

A gas is represented by the virial EOS with the 
first two terms, B and C. Find an expression for 
the work in an isothermal expansion process in a 
piston/cylinder. 

Extend Problem 14.63 to find the difference be- 
tween the ideal-gas value and the real-gas value 
of the entropy and compare it to the value in Table 
B.3. 

Two uninsulated tanks of equal volume are con- 
nected by a valve. One tank contains a gas at a 
moderate pressure P lt and the other tank is evac- 
uated. The valve is opened and remains open for 
along time. Is the final pressure P 2 greater than, 
equal to, or I ess than P J21 Hint: Recall Fig. 14.5. 
Show how to find the constants in Eq. 14.52 for 
the van derWaalsEOS. 

Show that the van derWaalsequation can be writ- 
ten as a cubic equation in the compressibility fac- 
tor involving the reduced pressure and reduced 
temperature as 



1 Z 2 


27 P r \ 27 P 2 

64 T 2 ) 5127 3 


= 0 


Find changes in an isothermal process for u, h, 
and s for a gas with an EOS asP(v - b ) =RT. 
Find changes in internal energy, enthalpy, and en- 
tropy for an isothermal process in a gas obeying 
the van derWaalsEOS. 

Consider the following EOS, expressed in terms 
of reduced pressure and temperature: Z = 1 + 
(P r /14T r )[l - I,- -2 ]. What does this predict for 
the reduced Boyletemperature? 

U se the result of Problem 14.35 to find the reduced 
temperature at which theJoule-Thomson coeffi- 
cient is zero for a gas that follows the EOS given 
in Problem 14.72. 

What is the Boyle temperature for this EOS with 
constants a and b: P = [RTftv - b)] - a/v 2 Tl 
D etermi ne the reduced B oyle temperature as pre- 
dicted by an EOS (the experimentally observed 
value is about 2.5), using the van derWaalsequa- 
tion and the Redlich-K wong equation. Note: It is 
helpful to use Eqs. 14.44 and 14.45 in addition to 
Eq. 14.43. 
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14.76 One early attem pt to i m prove on the van der W aal s 
EOS was an expression of the form 

P= ^l 

v-b v 2 T 

Solve for the constants a, b, and v c usi ng the same 
procedure as for the van der Waal s equation. 

14.77 Developexpressionsforisothermal changesin in- 
ternal energy, enthal py, and entropy fora gas obey- 
ing the Redlich-Kwong EOS. 

14.78 Determine the second virial coefficient B (T) us- 
ing the van der Waals EOS. Also find its value at 
the critical temperature where the experimentally 
observed value is about -0.34 RT C /P C . 

14.79 Determine the second virial coefficient B (T) us- 
i ng the Redlich-Kwong EOS.AIsofind itsvalueat 
the critical temperature where the experimentally 
observed value is about -0.34 RT C /P C . 

14.80 Oxygen in a rigid tank with 1 kg is at 160 K, 
4 M Pa. Find the volume of the tank by iterations 
using the Redlich-Kwong EOS. Compare the re- 
sult with the ideal-gas law. 

14.81 A flow of oxygen at 230 K , 5 M Pa, is throttled to 
lOOkPainasteady flow process. Find the exit tem- 
perature and the specific entropy generation using 
Redlich-Kwong EOS and ideal-gas heat capac- 
ity. Notice that this becomes iterative due to the 
nonlinearity coupling h, P , v, and T. 

Generalized Charts 

14.82 A 200-L rigid tank contains propane at 9 M Pa, 
280°C. The propane is then allowed to cool to 
50°C as heat is transferred with the surroundings. 
Determine the quality at the final state and the 
mass of liquid in the tank, using the generalized 
compressibility chart, Fig. D.l. 

14.83 A rigid tank contains 5 kg of ethylene at 3 M Pa, 
30°C. It is cooled until the ethylene reaches the 
saturated vapor curve. W hat is the final tempera- 
ture? 

14.84 A 4-m 3 storage tank contains ethane gas at 10 
M Pa, 100°C. Using the Lee-Kesler EOS, find the 
mass of the ethane. 

14.85 The ethane gas in the storage tank from the previ- 
ous problem is cooled to 0°C. Find the new pres- 
sure. 


14.86 U se the C ATT3 software to solve the previous two 
problems when the acentric factor is used to im- 
prove the accuracy. 

14.87 Consider the following EOS, expressed in terms 
of reduced pressure and temperature: Z = 1 
+ (P r /14T r )[l - 6T r -2 ]. What does this pre- 
dict for the enthalpy departure at P r = 0.4 and 
T r = 0.9? 

14.88 Find the entropy departure in the previous prob- 
lem. 

14.89 The new refrigerant R- 152a is used in a refrigera- 
tor with an evaporator at -20°C and a condenser 
at 30°C. What are the high and low pressures in 
this cycle? 

14.90 An ordinary lighter is nearly full of liquid propane 
with a small amount of vapor, thevolumeis5 cm 3 , 
and the temperature is 23°C. The propane is now 
di scharged si ow ly such that heat transfer keeps the 
propane and valve flow at 23°C. Find the initial 
pressure and mass of propane and the total heat 
transfer to empty the lighter. 

14.91 A geothermal power plant uses butane as saturated 
vapor at 80°C into the turbine, and the condenser 
operates at 30°C .Find the reversible specific tur- 
bine work. 

14.92 A piston/cylinder contains 5 kg of butane gas at 
500 K, 5 M Pa. The butane expands in a reversible 
polytropic process to 3 M Pa, 460 K . Determine the 
polytropic exponent n and the work done during 
the process. 

14.93 Calculate the heat transfer during the process de- 
scribed in Problem 14.72. 

14.94 A very- low -temperature refrigerator uses neon. 
From the compressor, the neon at 1.5 M Pa, 80 
K , goes through the condenser and comes out as 
saturated liquid at 40 K. Find the specific heat 
transfer using generalized charts. 

14.95 Repeat the previous problem using the CATT3 
software for the neon properties. 

14.96 A cyl inder contains ethyl ene, C 2 FI 4, at 1.536 M Pa, 
-13°C. it is now compressed in a reversible iso- 
baric (constantP) process to saturated liquid. Find 
the specific work and heat transfer. 

14.97 A cyl inder contains ethyl ene, C 2 FI 4, at 1.536 M Pa, 
-13°C. it is now compressed isothermal ly in a 
reversible process to 5.12 M Pa. Find the specific 
work and heat transfer. 
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14.98 A new refrigerant, R-123, enters a heat exchanger 
as saturated liquid at40°C and exits at 100 kPa in 
a steady flow. Find the specific heat transfer using 
Fig.D.2. 

14.99 A 250-L tank contains propane at 30°C, 90% qual- 
ity. Thetank is heated to 300°C. Calculate the heat 
transfer during the process. 

14.100 Saturated vapor R-410a at 30°C is throttled to 200 
kPa in a steady-flow process. Find the exit tem- 
perature, neglecting kinetic energy, using Fig. D.2 
and repeat using Table B. 4. 

14.101 Carbon dioxidecollected from afermentation pro- 
cess at 5°C, 100 kPa, should bebroughtto 243 K, 
4 M Pa, in a steady-flow process. Find the mini- 
mum amount of work required and the heat trans- 
fer. What devices are needed to accomplish this 
change of state? 

14.102 A geothermal power plant on the Raft River uses 
isobutane as the workingfluid.Thefluid enters the 
reversible adiabatic turbine at 160°C, 5.475 M Pa, 
and the condenser exit condition is saturated liquid 
at33°C. Isobutane has the properties T c = 408.14 
K,P C = 3.65 M Pa, C p0 = 1.664 kj/kg K , and ratio 
of specific heats k = 1.094 with a molecular mass 
of 58.124. Find the specific turbine work and the 
specific pump work. 

14.103 Repeat Problem 14.91 using the CATT3 software 
and include the acentric factor for butane to im- 
prove the accuracy. 

14.104 A steady flow of oxygen at 230 K, 5 M Pa is throt- 
tled to 100 kPa. Show that Texit ^ 208 K and find 
the specific entropy generation. 

14.105 A line with a steady supply of octane, C 8 H is, 
is at 400°C, 3 M Pa. What is your best estimate 
for the availability in a steady-flow setup where 
changes in potential and kinetic energies may 
be neglected? 

14.106 An alternative energy power plant has carbon 
dioxide at 6 M Pa, 100°C flowing into a turbine 
and exiting as saturated vapor at 1 M Pa. Find the 
specific turbine work using generalized charts and 
repeat using Table B. 3. 

14.107 The environmentally safe refrigerant R-152a isto 
be evaluated as the working fluid fora heat pump 
system that will heat a house. It uses an evaporator 
temperature of -20°C and a condensing tempera- 
ture of 30°C. Assume all processes are ideal and 


R -152a has a heat capacity of C p = 0.996 kj /kg K . 
Determine the cycle coefficient of performance. 

14.108 Rework the previous problem using an evaporator 
temperature of 0°C. 

14.109 The refrigerant fluid R-123 (seeTableA .2) is used 
in a refrigeration system that operates in the ideal 
refrigeration cycle, except that the compressor is 
neither reversible nor adiabatic. Saturated vapor at 
-26.5°C enters the compressor, and superheated 
vapor exits at 65°C. FI eat is rejected from thecom- 
p resso raslkW,andtheR-123flow rate i s 0 . 1 k g/s. 
Saturated liquid exits the condenser at 37.5°C. 
Specific heatfor R-123 is C p0 = 0.6 kj/kg K . Find 
the COP. 

14.110 A distributor of bottled propane, C 3 H 8 , needs to 
bring propane from 350 K, 100 kPa, to saturated 
liquid at 290 Kina steady-flow process. If this 
should be accompli shed inareversiblesetupgiven 
the surroundi ngs at 300 K , find the ratio of the vol- 
ume flow rates l/ in /l/ 0 ut. the heat specific transfer, 
and the work involved in the process. 

M ixtures 

14.111 A 2 kg mixture of 50% argon and 50% nitrogen by 
mole is in a tank at 2 M Pa, 180 K . Flow large is the 
volume using a model of (a) ideal gasand (b) Kay's 
rule with generalized compressibility charts? 

14.112 A 2 kg mixture of 50% argon and 50% nitrogen 
by mole is in a tank at 2 M Pa, 180 K . Flow large 
is the volume using a model of (a) ideal gas and 
(b) van derWaals' EOS with a, b fora mixture. 

14.113 A 2 kg mixture of 50% argon and 50% nitrogen 
by mole is in a tank at 2 M Pa, 180 K . Flow large 
is the volume using a model of (a) ideal gas and 
(b) the Redlich-K wong EOS with a, b for a mix- 
ture. 

14.114 A modern jet engine operates so that the fuel is 
sprayed into air at a P, T higher than the fuel 
critical point. Assume we have a rich mixture of 
50% n-octaneand 50% air by moles at 600 K and 
4 M Pa near the nozzle exit. Do I need to treat this 
as a real-gas mixtureoristhe ideal-gas assumption 
reasonabl e? To answer, fi nd Z and the enthal py de- 
parture for the mixture assuming Kay’s rule and 
the generalized charts. 

14.115 R-410a is a 1:1 mass ratio mixture of R -32 and R- 
125. Find the specific volume at 20°C, 1200 kPa, 
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using Kay's rule and the generalized charts and 
compare itto the solution using Table B. 4. 

14.116 A mixture of 60% ethylene and 40% acetylene 
by moles is at 6 M Pa, 300 K . The mixture flows 
through a preheater, where it is heated to 400 K at 
constantP. Using the Redlich-K wong EOS with 
a, b for a mixture and find the inlet specific vol- 
ume. Repeat using Kay’s rule and the generalized 
charts. 

14.117 For the previous problem, find the specific heat 
transfer using Kay’s rule and the generalized 
charts. 

14.118 TheR-410ain Problem 14.115 is flowing through 
a heat exchanger with an exit at 120°C, 1200 kPa. 
Find the specific heat transfer using Kay's rule 
and the generalized charts and compare it to the 
solution using Table B. 4. 

14.119 Saturated liquid ethane at Ti = 14°C is throttled 
into a steady-flow mixing chamber at the rate of 
0.25 kmol/s. A rgon gas at T 2 — 25°C , 800 kPa, 
enters the chamber at the rate 0.75 kmol/s. Heat 
is transferred to the chamber from a constant- 
temperature source at 150°C at a rate such that 
a gas mixture exits the chamber at T 3 = 120°C , 
800 kPa. Find the rate of heat transfer and the rate 
of entropy generation. 

14.120 One kmol/s of saturated liquid methane, CH 4 , at 
1 M Pa and 2 kmol/s of ethane, C 2 H 6 , at 250°C, 
1 M Pa, are fed to a mixing chamber with the resul- 
tant mixture exiting at50°C, 1 M Pa. Assume that 
Kay's rule applies to the mixture and determine 
the heat transfer in the process. 

14.121 A piston/cylinder containsagasmixture, 50% car- 
bon dioxide and 50% ethane (C 2 H 6 ) (molebasis), 
at 700 kPa, 35°C, at which point the cylinder vol- 
ume is 5 L. The mixture is now compressed to 5.5 
M Pa in a reversible isothermal process. Calculate 
the heat transfer and work for the process, using 
the following model for the gas mixture: 

a. Ideal-gas mixture. 

b. K ay's rule and the generalized charts. 

14.122 Solve the previous problem using (a) ideal gas and 
(b) van der Waal's EOS. 

Helmholtz EOS 

14.123 Verify that the ideal gas part of the Helmholtz 
function substituted in Eq. 14.86 does lead to the 
ideal-gas law, as in the note after Eq. 14.96. 


14.124 Gases like argon and neon have constant spe- 
cific heats. Develop an expression for the ideal- 
gas contribution to the Helmholtz function in 
Eq. 14.91 for these cases. 

14.125 Use the EOS in Example 14.3 and find an ex- 
pression for isothermal changes in the Helmholtz 
function between two states. 

14.126 Find an expression for the change in Helmholtz 
function for a gas with an EOS as P(v - b) = RT . 

14.127 Assume a Helmholtz equation as 

a* = C 0 + CiT -C 2 T \n(^j + RT 

where C 0 , C i, C 2 are constants and T 0 and p 0 are 
reference values for temperature and density (see 
Eqs. 14.91-14.94). Find the properties P , u, and s 
from this expression. I s anything assumed for this 
particular form? 

Review Problems 

14.128 An uninsulated piston/cylinder contains propene, 
C 3 H 6 , at ambient temperature, 19°C, with a qual- 
ity of 50% and a volume of 10 L. The propene 
now expands slowly until the pressure drops to 
460 kPa. Calculate the mass of propene, the work, 
and heat transfer for this process. 

14.129 An insulated piston/cylinder contains saturated 
vapor carbon dioxide at 0°C and a volume of 
20 L. The external force on the piston is slowly 
decreased, allowing the carbon dioxide to expand 
until the temperature reaches -30°C. Calculate 
the work done by the carbon dioxide during this 
process. 

14.130 A newcompoundisusedinanideal Rankinecycle 
where saturated vapor at 200°C enters the turbi ne 
and saturated liquid at 20°C exits the condenser. 
The only properties known for this compound are 
a molecular mass of 80 kg/kmol, an ideal-gas heat 
capacity of C p = 0.80 kJ/kg-K, and T c = 500 K, 
P c = 5 M Pa. Find the specific work input to the 
pump and the cylce thermal efficiency using the 
generalized charts. 

14.131 An evacuated 100-L rigid tank is connected to a 
line flowing R-142b gas, chlorodifluoroethane, at 
2 M Pa, 100°C. The valve is opened, allowing the 
gas to flow into the tank for a period of time, and 
then it is closed. Eventually, the tank cools to am- 
bienttemperature, 20°C, at which pointitcontains 
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50% liquid, 50% vapor, by volume. Calculate the 
quality at the final state and the heat transfer for 
the process. The ideal-gas specific heat of R-142b 
is C p = 0.787 kj/kg K . 

14.132 Saturated liquid ethane at 2.44 M Pa enters a heat 
exchanger and is brought to 611 K at constant 
pressure, after which it enters a reversible adia- 
batic turbine, where it expands to 100 kPa. Find 
the specific heat transfer i n the heat exchanger, the 
turbine exit temperature, and turbine work. 

14.133 A piston/cylinder initially contains propane at 
7 i = -7°C, quality 50%, and volume 10 L. A 
valve connecting the cylinder to a line flowing ni- 
trogen gas at 7/ = 20°C, P, = 1 M Pa, is opened 
and nitrogen flows in. W hen the valve is closed, 
the cylinder contains a gas mixture of 50% nitro- 
gen, 50% propane, on a mole basis at 7 2 = 20°C , 
P 2 = 500 kPa. What is the cylinder volume at the 
final state, and how much heat transfer took place? 

14.134 A control mass of 10 kg butane gas initially at 
80°C, 500 kPa, is compressed in a reversible 
isothermal process to one-fifth of its initial vol- 
ume. What is the heat transfer in the process? 

14.135 An uninsulated compressor delivers ethylene, 
C 2 H 4 , to a pipe, D = 10 cm, at 10.24 M Pa, 94°C, 
and velocity 30 m/s. The ethylene enters the com- 
pressor at 6.4 M Pa, 20.5°C, and the work input 
required is 300 kj/kg. Find the mass flow rate, the 
total heat transfer, and entropy generation, assum- 
ing the surroundings are at 25°C. 

14.136 C onsi der the fol low i ng referencestateconditions: 
the entropy of real saturated liquid methane at 
-100°C is to be taken as 100 kj/kmol K, and 
the entropy of hypothetical ideal-gas ethane at 
-100°C isto betaken as 200 kj/kmol K. Calcu- 
late the entropy per kmol of a real-gas mixture of 
50% methane, 50% ethane (mole basis) at 20°C, 
4 M Pa, in terms of the specified reference state 
values, and assuming Kay's rule for the real mix- 
ture behavior. 

14.137 A 200-L rigid tank contains propane at 400 K, 
3.5 M Pa. A valve is opened, and propane flows 
out until half the initial mass has escaped, at 
which point the valve is closed. During this pro- 
cess, the mass remaining inside the tank expands 
according to the relation Pv 1A = constant. Cal- 
culate the heat transfer to the tank during the 
process. 


14.138 Onekilogram per second w ater enters a solar col- 
lector at 40°C and exits at 190°C, as shown in Fig. 
P 14. 138. The hot water is sprayed into a direct- 
contact heat exchanger (no mixing of the two 
fluids) used to boil the liquid butane. Pure 
saturated-vapor butane exits at the top at 80°C 
and is fed to the turbine. If the butane condenser 
temperature is 30°C and the turbine and pump 
isentropic efficiencies are each 80%, determine 
the net power output of the cycle. 
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FIGURE P14.138 


14.139 A piston/cylinder contains ethane gas initially 
at 500 kPa, 100 L, and at ambient temperature 
0°C. The piston is moved, compressing the ethane 
until it is at 20°C with a quality of 50%. The 
work required is 25% more than would have been 
needed forareversiblepolytropic process between 
the same initial and final states. Calculate the 
heat transfer and the net entropy change for the 
process. 

14.140 Carbon dioxide gas enters a turbine at 5 M Pa, 
100°C, and exits at 1 MPa. If the isentropic ef- 
ficiency of the turbine is 75%, determine the exit 
temperature and the second-law efficiency. 

14.141 A 10-m 3 storage tank contains methane at low 
temperature. The pressure inside is 700 kPa, and 
the tank contains 25% liquid and 75% vapor on 
a volume basis. The tank warms very slowly be- 
cause heat is transferred from the ambient air. 

a. W hat is the temperature of the methane when 
the pressure reaches 10 M Pa? 

b. Calculate the heat transferred in the process 
using the generalized charts. 
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c. Repeat parts (a) and (b) using the methane 
tables, Table B. 7. Discuss the differences in the 
results. 

14.142 A gasmixtureof a known composition is required 
for the cal i brati on of gas analyzers. 1 1 is desi red to 
prepare a gas mixture of 80% ethylene and 20% 
carbon dioxide (mole basis) at 10 M Pa, 25°C, in 
an uninsulated, rigid 50-L tank. The tank is ini- 
tially to contain carbon dioxide at 25°C and some 
pressure P i. The valve to a line flowing ethylene at 
25°C, 10 M Pa, is now opened slightly and remains 


open until thetank reaches 10 M Pa, at which point 
the temperature can be assumed to be 25°C. As- 
sume that the gas mixture so prepared can be rep- 
resented by Kay’s rule and the generalized charts. 
Given the desired final state, what is the initial 
pressure of the carbon dioxide, Pi? 

14.143 Determine the heat transfer and the net entropy 
change in the previous problem. Use the initial 
pressure of the carbon dioxide to be 4.56 M Pa 
before the ethylene is flowing into thetank. 


ENGLISH UNIT PROBLEMS 

14.144! Verify that Clapeyron's equation is satisfied for 
R-410a at 30 F in Table F.9. 

14.145 Use the approximation given in Problem 14.16 
and Table F.7 to determine A and B for steam 
from properties at 70 F only. Use the equation 
to predict the saturation pressure at 80 F and 
compare it to the table value. 

14.1461 Using thermodynamic data for water from 
Tables F.7.1 and F.7. 4, estimate the freezing 
temperature of liquid water at a pressure of 
5000 lbf/in. 2 . 

14.1472 Find the saturation pressure for refrigerant 
R-410a at -100 F, assuming it is higher than 
the triple- point temperature. 

14.148 Ice (solid water) at 27 F, 1 atm, is compressed 
isothermal ly until it becomes liquid. Find the 
required pressure. 

14.149 Determine the volume expansivity, a p , and the 
isothermal compressibility, p T , for water at 
50 F, 500 lbf/in. 2 and at 500 F, 1500 lbf/in. 2 using 
the steam tables. 

14.150!: Use the CATT3 software to solve the previous 
problem. 

14.151E A cylinder fitted with a piston contains liquid 
methanol at 70 F, 15 lbf/in. 2 and volume 1 ft 3 . 
The piston is moved, compressing the methanol 
to 3000 lbf/in. 2 at constant temperature. Cal- 
culate the work required for this process. The 
isothermal compressibility of liquid methanol 
at 70 F is 8.3 x lO’ 6 in. 2 /lbf. 

14.1521: Sound waves propagate through media as pres- 
sure waves that cause the media to go through 
isentropic compression and expansion pro- 


cesses. The speed of sound c is defined by 
c 2 = (dPldp) s , and it can be related to the adi- 
abatic compressibility, which for liquid ethanol 
at 70 F is 6.4 x 10~ 6 in. 2 /lbf. Find the speed of 
sound at this temperature. 

14.1531 Consider the speed of sound as defined in Eq. 
14.42. Calculate the speed of sound for liquid 
water at 50 F, 250 lbf/in. 2 , and for water vapor 
at 400 F, 80 lbf/in. 2 , using the steam tables. 

14.1541 Liquid methanol at 77 F has an adiabatic com- 
pressibility of 7.1 x 1026 in. 2 /lbf. What is the 
speed of sound? If it is compressed from 15 psia 
to 1500 psia in an insulated piston/cylinder, what 
is the specific work? 

14.1551 Use Table F.9 to find the compressibility of 
R-410a at 140 F and (a) saturated liquid, (b) sat- 
urated vapor, and (c) 400 psia. 

14.156: Calculate the difference in internal energy of the 
ideal-gas value and the real-gas value for car- 
bon dioxide at the state 70 F, 150 lbf/in. 2 , as 
determined using the virial EOS. At this state 
B = -2.036 ft 3 /l b mol , T (dB/dT ) = 4.236 ft 3 /l b 
mol. 

14.1572 A 7-ft 3 rigid tank contains propane at 1300 
lbf/in. 2 , 540 F. The propane is then allowed to 
cool to 120 F as heat is transferred with the 
surroundings. Determine the quality at the final 
state and the mass of liquid in thetank, using the 
generalized compressibility chart. 

14.158 A rigid tank contains 5 Ibm ethylene at 450 
lbf/in. 2 , 90 F. It is cooled until the ethylene 
reaches the saturated vapor curve. What is the 
final temperature? 
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14.159 : A piston/cylinder contains 10 1 bm of butane gas 
at 900 R, 750 lbf/in. 2 . The butane expands in a 
reversible polytropic process to 820 R, 450 
lbf/in. 2 . Determine the polytropic exponent and 
the work done during the process. 

14.160T Calculate the heat transfer during the process 
described in Problem 14.159. 

14.161E The new refrigerant R-152a is used in a refrig- 
erator with an evaporator temperature of -10 F 
and a condensing temperature of 90 F. What are 
the high and low pressures in this cycle? 

14.162E A cylinder contains ethylene, C 2 FI 4 , at 222.6 
lbf/in. 2 , 8 F. It is now compressed in a reversible 
isobaric (constantP) process to saturated liquid. 
Find the specific work and heat transfer. 

14.163 Saturated vapor R-410a at 80 F is throttled to 
30 psia in a steady flow process. Find the exit 
temperature, neglecting kinetic energy, using 
Fig. D.2 and repeat using Table F.9. 

14.164 A 10-ft 3 tank contai ns propaneat90 F, 90% qual- 
ity. T hetank is heated to 600 F. C alculate the heat 
transfer during the process. 

14.1655 Carbon dioxide collected from a fermentation 
process at 40 F, 15 lbf/in. 2 , should be brought 
to 438 R, 590 lbf/in. 2 , in a steady-flow process. 
Find the minimum work required and the heat 
transfer. W hat devices are needed to accompl ish 
this change of state? 

14.166? A cylinder contains ethylene, C 2 H 4 , at 222.6 
lbf/in. 2 , 8 F. It is now compressed isothermally 
in a reversible process to 742 lbf/in. 2 . Find the 
specific work and heat transfer. 

14.167 A geothermal powerplantontheRaftRiveruses 
isobutane as the working fluid in a Rankine cy- 
cle. The fluid enters the reversible adiabatic tur- 
bine at 320 F, 805 lbf/in. 2 , and the condenser 
exit condition is saturated liquid at 91 F. Isobu- 
tane has the properties T c = 734.65 R , P c = 537 
lbf/in. 2 , C p o = 0.3974 Btu/lbm R, and ratio of 


specific heats k = 1.094 with a molecular mass 
of 58.124. Find the specific turbine work and the 
specific pump work. 

14.168 A line with a steady supply of octane, CgFI is, is 
at 750 F, 440 lbf/in. 2 . W hat is your best estimate 
for the availability in a steady-flow setup where 
changes in potential and kinetic energies may 
be neglected? 

14.1695 A distributor of bottled propane, C 3 H 8 , needs 
to bring propane from 630 R, 14.7 lbf/in. 2 , to 
saturated liquid at 520 Rina steady-flow pro- 
cess. If this should be accomplished in a re- 
versible setup given the surroundings at 540 R, 
find the ratio of the volume flow rates 1/m/l/out. 
the heat transfer, and the work involved in the 
process. 

14.170E R-410a is a 1:1 mass ratio mixture of R-32 and 
R-125. Find the specific volume at 80 F, 200 psia 
using Kay’s rule and the generalized charts and 
compare to Table F.9. 

14.171- A 4 Ibm mixtureof 50% argon and 50% nitrogen 
by mole is in a tank at 300 psia, 320 R. Flow large 
isthe volume using a model of (a) ideal gas and 
(b) Kay’s rule with generalized compressibility 
charts? 

14.172E The R-410a in Problem 14.170 flows through a 
heat exchanger and exits at 280 F, 200 psia. Find 
the specific heat transfer using Kay's rule and the 
generalized charts and compare this to solution 
found using Table F.9. 

14.173 A new compound is used in an ideal Rankine 
cycle where saturated vapor at 400 F enters the 
turbine and saturated liquid at 70 F exits the con- 
denser. The only properties known for this com- 
pound area molecular mass of 80 Ibm/lbmol, an 
ideal-gas heat capacity of C p = 0.20 Btu/lbm-R, 
and T c = 900 R, P c = 750 psia. Find the specific 
work input to the pumpand the cyclethermal ef- 
ficiency using the generalized charts. 
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14.174 Solve the following problem (assign only one at 
a time, like Problem 14.174 c SI or E) with the 
CATT3 software: (a) 14.81, (b) 14.82 (14.157E), 
(c) 14.83 (14.158E), (d) 14.102 (14.167E). 

14.175 W rite a program to obtain a plot of pressure versus 
specific volume at various temperatures (all on a 


generalized reduced basis) as predicted by the van 
derWaals EOS. Temperatures less than thecritical 
temperature should be included in the results. 

14.176 We wish to determine the isothermal compress- 
ibility, p 7, for a range of states of liquid water. 
U se the menu-driven software or write a program 
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to determine this at a pressure of 1 M Pa and at 25 
M Pa for temperatures of 0°C , 100°C , and 300°C . 

14.177 Consider the small Rankine-cycle power plant in 
Problem 14.130. What single change would you 
suggest to make the power plant more realistic? 

14.178 Supercritical fluid chromatography is an experi- 
mental technique for analyzing compositions of 
mixtures. It utilizes a carrier fluid, often carbon 
dioxide, in the dense fluid region just above the 
critical temperature. Write a program to express 
the fluid density as a function of reduced temper- 
ature and pressure in the region of 1.0 <T r < 
1.2 in reduced temperature and 2 < P r < 8 in 
reduced pressure. The relation should be an ex- 
pression curve- fitted to values consistent with the 
generalized compressibility charts. 

14.179 It is desired to design a portable breathing system 
for an average-sized adult. The breather will store 
liquid oxygen sufficient for a 24-hour supply and 
will include a heater for delivering oxygen gas at 
ambient temperature. Determine the size of the 
system container and the heat exchanger. 

14.180 Liquid nitrogen is used in cryogenic experiments 
and applications where a nonoxidizing gas is de- 
sired. Size a tank to hold 500 kg to be placed next 


to a building and estimate the size of an environ- 
mental (to atmospheric air) heat exchanger that 
can deliver nitrogen gas at a rate of 10 kg/hr at 
roughly ambient temperature. 

14.181 L ist a number of requi rements fora substance that 
should be used as the working fluid in a refriger- 
ator. Discuss the choices and explain the require- 
ments. 

14.182 The speed of sound is used in many applications. 
M ake a list of the speed of sound at P 0 , T 0 for 
gases, liquids, and solids. Find at least three dif- 
ferent substances for each phase. List a number 
of applications where knowledge of the speed of 
sound can be used to estimate other quantities of 
i nterest. 

14.183 Propane is used as a fuel distributed to the end 
consumer in a steel bottle. M ake a list of design 
specifications for these bottles and give charac- 
teristic sizes and the amount of propane they can 
hold. 

14.184 Carbon dioxide is used in soft drinks and comes 
in a separate bottle for large-volume users such as 
restaurants. Find typical sizes of these bottles, the 
pressure they should withstand, and theamountof 
carbon dioxide they can hold. 


Chemical Reactions 


M any thermodynamic problems involve chemical reactions. Among the most familiar of 
these is the combustion of hydrocarbon fuels, for this process is utilized in most of our 
power-generating devices. However, we can all think of a host of other processes involving 
chemical reactions, including those that occur in the human body. 

T his chapter consi ders a fi rst- and second-law analysi s of systems undergoi ng a chem- 
ical reaction, in many respects, this chapter is simply an extension of our previous consid- 
eration of the first and second laws. However, a number of new terms are introduced, and it 
will also be necessary to introduce the third law of thermodynamics. 

in this chapter the combustion process is considered in detail. There are two reasons 
for this emphasis. First, the combustion process is important in many problems and devices 
with which the engineer is concerned. Second, the combustion process provides an excellent 
means of teaching the basic principles of the thermodynamics of chemical reactions. The 
student should keep both of these objectives in mind as the study of this chapter pro- 
gresses. 

Chemical equilibrium will be considered in Chapter 16; therefore, the subject of 
dissociation will be deferred until then. 


15.1 


FUELS 


A thermodynamics textbook is not the place for a detailed treatment of fuels. However, 
some knowledge of them is a prerequisite to a consideration of combustion, and this section 
is therefore devoted to a brief discussion of some of the hydrocarbon fuels. M ost fuels fall 
into one of three categories— coal, liquid hydrocarbons, or gaseous hydrocarbons. 

Coal consists of the remains of vegetation deposits of past geologic ages after subjec- 
tion to biochemical actions, high pressure, temperature, and submersion. Thecharacteri sties 
of coal vary considerably with location, and even within a given mine there is some variation 
in composition. 

A sample of coal is analyzed on one of two bases. The proximate analysis specifies, 
on a mass basis, the relative amounts of moisture, volatile matter, fixed carbon, and ash; the 
ultimate analysis specifies, on a mass basis, the relative amounts of carbon, sulfur, hydrogen, 
nitrogen, oxygen, and ash. The ultimate analysis may be given on an "as-received" basis 
or on a dry basis. In the latter case, the ultimate analysis does not include the moisture as 
determined by the proximate analysis. 

A number of other properties of coal are important in evaluating a coal for a given 
use. Some of these are the fusibility of the ash, the grindability or ease of pulverization, the 
weathering characteristics, and size. 

M ost liquid and gaseous hydrocarbon fuels are a mixture of many different hydro- 
carbons. For example, gasoline consists primarily of a mixture of about 40 hydrocarbons, 
with many others present in very small quantities. In discussing hydrocarbon fuels, therefore, 
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TABLE 15.1 

C haractsristics of Some of the H ydrocarbon Families 


Family 

Formula 

Structure 

Saturated 

Paraffin 

CnH 2n+2 

Chain 

Yes 

Olefin 

CnH 2n 

Chain 

No 

Diolefin 

CnH 2n-2 

Chain 

No 

Naphthene 

Aromatic 

CnH 2n 

Ring 

Yes 

Benzene 

CnH 2n-6 

Ring 

No 

Naphthene 

CnH 2n-12 

Ring 

No 


brief consideration should be given to the most important families of hydrocarbons, which 
are summarized in Table 15.1. 

Three concepts should be defined. The first pertains to the structure of the molecule. 
The important types are the ring and chain structures; the difference between the two is 
illustrated in Fig. 15. 1. The same figure i I lustrates the definition of saturated and unsaturated 
hydrocarbons. An unsaturated hydrocarbon has two or more adjacent carbon atoms joined 
by a double or triple bond, whereas in a saturated hydrocarbon all the carbon atoms arejoined 
by a single bond. The third term to be defined is an isomer. Two hydrocarbons with the same 
number of carbon and hydrogen atoms and different structures are called Isomers. Thus, 
there are several different octanes (C 8 H i 8 ), each having 8 carbon atoms and 18 hydrogen 
atoms, but each with a different structure. 

The various hydrocarbon families are identified by a common suffix. The compounds 
comprising the paraffin family all end in -ane (e.g., propane and octane). Similarly, the com- 
pounds comprising the olefin family end in -y/eneor-ene(e.g., propeneand octene), and the 
di olefin family ends in -diene (e.g., butadiene). The naphthene family has the same chemical 
formula as the olefin family but has a ring rather than a chain structure. The hydrocarbons 
in the naphthene family are named by adding the prefix cyclo- (as cyclopentane). 

The aromatic family includesthebenzeneseries(C„H 2 n- 6 ) and the naphthalene series 
( C n H 2 n— 12 ) ■ The benzene series has a ring structure and is unsaturated. 

M ost liquid hydrocarbon fuels are mixtures of hydrocarbons that are derived from 
crude oil through distillation and cracking processes. The separation of air into its two 
major components, nitrogen and oxygen, using a distillation column was discussed briefly 
in Section 1.5. In a similar but much more complicated manner, a fractional distillation 
column is used to separate petroleum into its various constituents. This process is shown 
schematically in Fig. 15.2 Liquid crude oil is gasified and enters near the bottom of the 
distillation column. The heavier fractions have higher boiling points and condense out at 
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b) Photo of a distillation column in a refinery. 
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the higher temperatures in the lower part of the column, while the lighter fractions condense 
out at the lower temperatures in the upper portion of the column. Some of the common fuels 
produced in this manner are gasoline, kerosene, jet engine fuel, diesel fuel, and fuel oil. 

Alcohols, presently seeing increased usage as fuel in internal combustion engines, are 
afamily of hydrocarbons in which one of the hydrogen atoms is replaced by an OH radical. 
Thus, methyl alcohol, or methanol, is CH3OH, and ethanol is C 2 H 5 0 H . Ethanol is one of the 
class of biofuels, produced from crops or waste matter by chemical conversion processes. 
There is extensive research and development in the area of biofuels at the present time, 
as well as in the development of processes for producing gaseous and liquid hydrocarbon 
fuels from coal, oil shale, and tar sands deposits. Several alternative techniques have been 
demonstrated to be feasible, and these resources promise to providean increasing proportion 
of our fuel supplies in future years. 

It should also be noted here in our discussion of fuels that there is currently a great 
deal of development effort to use hydrogen as a fuel for transportation usage, especially 
in connection with fuel cells. Liquid hydrogen has been used successfully for many years 
as a rocket fuel but is not suitable for vehicular use, especially because of the energy cost 
to produce it (at about 20 K), as well as serious transfer and storage problems. Instead, 
hydrogen would need to be stored as a very high-pressure gas or in a metal hydride system. 
There remain many problems in using hydrogen as a fuel. It must be produced either from 
water or a hydrocarbon, both of which require a large energy expenditure. Hydrogen gas 
in air has a very broad flammability range— almost any percentage of hydrogen, small or 
large, is flammable. It also has a very low ignition energy; the slightest spark will ignite a 
mixture of hydrogen in air. Finally, hydrogen burns with a colorless flame, which can be 
dangerous. The incentive to use hydrogen as a fuel is that its only product of combustion 
or reaction is water, but it is still necessary to include the production, transfer, and storage 
in the overall consideration. 

Forthecombustion of liquid fuels, itisconvenientto express thecomposition in terms 
of a single hydrocarbon, even though it is a mixture of many hydrocarbons. Thus, gasoline 


TABLE 15.2 

Volumetric A nalyses of Some Typical G aseous F uels 


C onstituent 


Various Natural Gases 

Producer Gas 
from Bituminous 
Coal 

Carbureted 

Water 

Gas 

Coke- 

Oven 

Gas 

A 

B 

C 

D 

M ethane 

93.9 

60.1 

67.4 

54.3 

3.0 

10.2 

32.1 

Ethane 

3.6 

14.8 

16.8 

16.3 




Propane 

1.2 

13.4 

15.8 

16.2 




Butanes plus 3 

1.3 

4.2 


7.4 




Ethene 






6.1 

3.5 

Benzene 






2.8 

0.5 

Hydrogen 





14.0 

40.5 

46.5 

N itrogen 


7.5 


5.8 

50.9 

2.9 

8.1 

Oxygen 





0.6 

0.5 

0.8 

Carbon monoxide 





27.0 

34.0 

6.3 

Carbon dioxide 





4.5 

3.0 

2.2 


a This includes butane and all heavier hydrocarbons 
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is usually considered to be octane, C 8 Hi 8 , and diesel fuel is considered to be dodecane, 
C 12 H 26 ■ The composition of a hydrocarbon fuel may also be given in terms of percentage 
of carbon and hydrogen. 

The two primary sources of gaseous hydrocarbon fuels are natural gas wells and 
certain chemical manufacturing processes. Table 15.2 gives the composition of a number 
of gaseous fuels. The major constituent of natural gas is methane, which distinguishes it 
from manufactured gas. 


15.2 


THE COMBUSTION PROCESS 


The combustion process consists of the oxidation of constituents in the fuel that are capa- 
ble of being oxidized and can therefore be represented by a chemical equation. During a 
combustion process, the mass of each element remains the same. Thus, writing chemical 
equations and solving problems concerning quantities of the various constituents basically 
involve the conservation of mass of each element. This chapter presents a brief review of 
this subject, particularly as it applies to the combustion process. 

Consider first the reaction of carbon with oxygen. 


Reactants Products 
C + O 2 — > CO 2 

This equation states that 1 kmol of carbon reacts with 1 kmol of oxygen to form 1 kmol of 
carbon dioxide. This also means that 12 kg of carbon react with 32 kg of oxygen to form 
44 kg of carbon dioxide. All the initial substances that undergo the combustion process are 
called the reactants, and the substances that result from the combustion process are called 

the products. 

When a hydrocarbon fuel is burned, both the carbon and the hydrogen are oxidized. 
Consider the combustion of methane as an example. 

CH 4 + 2 O 2 -* C0 2 + 2H 2 0 (15.1) 

Here the products of combustion include both carbon dioxide and water. The water may 
be in the vapor, liquid, or solid phase, depending on the temperature and pressure of the 
products of combustion. 

In the combustion process, many intermediate products are formed during the chem- 
ical reaction, in this book we are concerned with the initial and final products and not with 
the intermediate products, but this aspect is very important in a detailed consideration of 
combustion. 

In most combustion processes, the oxygen is supplied as air rather than as pure oxy- 
gen. The composition of air on a molal basis is approximately 21% oxygen, 78% nitrogen, 
and 1% argon. We assume that the nitrogen and the argon do not undergo chemical reaction 
(except for dissociation, which will be considered in Chapter 16). They do leave at the same 
temperature as the other products, however, and therefore undergo a change of state if the 
products are at a temperature other than the original air temperature. At the high tempera- 
tures achieved in internal-combustion engines, there is actually some reaction between the 
nitrogen and oxygen, and this gives rise to the air pollution problem associated with the 
oxides of nitrogen in the engine exhaust. 

In combustion calculations concerning air, the argon is usually neglected, and the 
air is considered to be composed of 21% oxygen and 79% nitrogen by volume. When 
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this assumption is made, the nitrogen is sometimes referred to as atmospheric nitrogen. 
Atmospheric nitrogen has a molecular weight of 28.16 (which takes the argon into account) 
compared to 28.013 for pure nitrogen. This distinction will not be made in this text, and we 
will consider the 79% nitrogen to be pure nitrogen. 

The assumption that air is 21.0% oxygen and 79.0% nitrogen by volume leads to the 
conclusion that for each mole of oxygen, 79.0/21.0 = 3.76 moles of nitrogen are involved. 
Therefore, when the oxygen for the combustion of methane is supplied as air, the reaction 
can be written 


CH 4 + 20 2 + 2(3.76) N 2 C0 2 + 2H 2 0 + 7.52 N 2 (15.2) 

The minimum amount of air that supplies sufficient oxygen for the complete com- 
bustion of all the carbon, hydrogen, and any other elements in the fuel that may oxidize is 
called the theoretical air. When complete combustion is achieved with theoretical air, the 
products contain no oxygen. A general combustion reaction with a hydrocarbon fuel and 
air is thus written 

C x H y + Vo 2 (0 2 + 3.76 N 2 ) -»• Vco 2 C0 2 + v H2 oH 2 0 + v N2 N 2 (15.3) 

with the coefficients to the substances called stoichiometric coefficients. The balance of 
atoms yields the theoretical amount of air as 

C : v C o 2 = x 

H : 2vh 2 o = y 

N 2 : Vn 2 = 3.76 x Vo 2 

0 2 : Vo 2 = i/co 2 + v H2 o/2 = x + y/4 

and the total number of moles of air for 1 mole of fuel becomes 

flair = Vo 2 X 4.76 = 4.76(x + y/4) 

This amount of air is equal to 100% theoretical air. in practice, complete combustion is 
not likely to be achieved unless the amount of air supplied is somewhat greater than the 
theoretical amount. Two important parameters often used to express the ratio of fuel and air 
are the air-fuel ratio (designated A F) and its reciprocal, the fuel- air ratio (designated FA). 
These ratios are usually expressed on a mass basis, but a mole basis is used at times. 

A F m a S s = ~~ (15.4) 

fllfuel 

A F mo | e = (15.5) 

fl fuel 

They are related through the molecular masses as 

AC mair flairMair A c M air 

A r mass — — 71 — A ' mole 71 

ffl fuel A fuel l v i fuel Ml fuel 

and a subscript s is used to indicate the ratio for 100% theoretical air, also called a 
stoichiometric mixture. In an actual combustion process, an amount of air is expressed 
as a fraction of the theoretical amount, called percent theoretical air. A similar ratio named 
the equivalence ratio equals the actual fuel-airratio divided by the theoretical fuel-airratio 
as 


d> = FA/FA S = AFs/AF 


(15.6) 
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EXAMPLE 15.1 


the reci procal of percent theoreti cal ai r. S i nee the percent theoreti cal ai r and the equi val ence 
ratio are both ratios of the stoichiometric air-fuel ratio and the actual air-fuel ratio, the 
molecular masses cancel out and they are the same whether a mass basis or a mole basis is 
used. 

Thus, 150% theoretical air means that the air actually supplied is 1.5 times the theo- 
retical air and the equivalence ratio is 2 /3- The complete combustion of methane with 150% 
theoretical air is written 

CH4 + 1.5 x 2(0 2 + 3.76 N 2) -* CO2 + 2H2O+O2 + II.28N2 (15.7) 

having balanced all the stoichiometric coefficients from conservation of all the atoms. 

The amount of air actually supplied may also be expressed in terms of percent excess 
air. The excess air is the amount of air supplied over and above the theoretical air. Thus, 
150% theoretical air is equivalent to 50% excess air. The terms theoretical air, excess air, 
and equivalence ratio are all in current use and give an equivalent information about the 
reactant mixture of fuel and air. 

When the amount of air supplied is less than the theoretical air required, the combus- 
tion is incomplete. If there is only a slight deficiency of air, the usual result is that some of 
the carbon unites with the oxygen to form carbon monoxide (CO) instead of carbon dioxide 
(C0 2 ). If the air supplied is considerably less than the theoretical air, there may also be 
some hydrocarbons in the products of combustion. 

Even when some excess air is supplied, small amounts of carbon monoxide may 
be present, the exact amount depending on a number of factors including the mixing and 
turbulence during combustion. Thus, thecombustion of methanewith 110% theoretical air 
might be as follows: 

CH 4 + 2(1.1) 0 2 + 2(1.1)3.76 N 2 -* 

+ 0.95 C0 2 + 0.05 CO +2H 2 0 + 0.225 0 2 + 8.27 N 2 (15.8) 

The material covered so far in this section is illustrated by the following examples. 


Calculate the theoretical air-fuel ratio for the combustion of octane, CgHig. 

Solution 

The combustion equation is 

C 8 Hi8 + 12.5 0 2 + 12.5(3.76) N 2 8 C0 2 + 9 H 2 0 + 47.0 N 2 

The air-fuel ratio on a mole basis is 

AF = -*-2 -3 + 47.0 _ | <mo | a j r /k mo | fuel 

The theoretical air-fuel ratio on a mass basis is found by introducing the molecular mass 
of the air and fuel. 

AF = 59 ^ 28 . 97) = 15.0 kg air/kg fuel 
114.2 ' 
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EXAMPLE 15.2 


EXAMPLE 15.2E 


Determinethemolal analysis of the products of combustion when octane, C sH is, is burned 
with 200% theoretical air, and determine the dew point of the products if the pressure is 
0.1 MPa. 

Solution 

The equation for the combustion of octane with 200% theoretical air is 

C 8 H 18 + 12.5(2) 0 2 + 12.5(2)(3.76) N 2 -> 8 C0 2 + 9 H 2 0 + 12.5 0 2 + 94.0 N 2 

Total kmols of product = 8 + 9 + 12.5 + 94.0 = 123.5 
M olal analysis of products: 


C0 2 = 8/123.5 = 6.47% 

H 2 0 = 9/123.5 = 7.29 

0 2 = 12.5/123.5 = 10.12 

N 2 = 94/123.5 = 76.12 
100 . 00 % 

The partial pressure of the water is 100(0.0729) = 7.29 kPa, so the saturation tem- 
perature corresponding to this pressure is 39. 7°C, which is also the dew-point temperature. 

The water condensed from the products of combustion usually contains some dis- 
solved gases and therefore may be quite corrosive. For this reason, the products of com- 
bustion are often kept above the dew point until discharged to the atmosphere. 


Determinethemolal analysis of the products of combustion when octane, C sH is, is burned 
with 200% theoretical air, and determine the dew point of the products if the pressure is 
14.7 lbf/in. * 2 . 

Solution 

The equation for the combustion of octane with 200% theoretical air is 

C 8 H 18 + 12.5(2) 0 2 + 12.5(2X3.76) N 2 -+8C0 2 + 9H 2 0 + 12.5 0 2 + 94.0 N 2 

Total moles of product = 8 + 9 + 12.5 + 94.0 = 123.5 
M olal analysis of products: 


C0 2 = 8/123.5 = 6.47% 

H 2 0 = 9/123.5 = 7.29 

0 2 = 12.5/123.5 = 10.12 

N 2 = 94/123.5 = 76.12 
100 . 00 % 

The partial pressure of the H 2 0 is 14.7(0.0729) = 1.072 lbf/in. 2 . 

The saturation temperature corresponding to this pressure is 104 F, which is also the 
dew-point temperature. 
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EXAMPLE 15.3 


The water condensed from the products of combustion usually contains some dis- 
solved gases and therefore may be quite corrosive. For this reason, the products of com- 
bustion are often kept above the dew point until discharged to the atmosphere. 


Producer gas from bituminous coal (see Table 15.2) is burned with 20% excess air. Cal- 
culate the air-fuel ratio on a volumetric basis and on a mass basis. 


Solution 

To calculate the theoretical air requirement, let us write the combustion equation for the 
combustible substances in 1 kmol of fuel. 

0.14H 2 + 0.0700 2 -* 0.14H 2 O 
0.27CO + 0. 1350 2 0.27CO 2 

0.03CPU + 0.060, -* 0.03C0 2 + 0.06H 2 0 

0.265= kmol oxygen required/kmol fuel 
-0.006 = oxygen in fuel /kmol fuel 
0.259 = kmol oxygen required from air/kmol fuel 
Therefore, the complete combustion equation for 1 kmol of fuel is 

fuel 

0.14 H 2 + 0.27 CO + 0.03 CH 4 +"o.006 0 2 + 0.509 N 2 + 0.045 C0 2 


air 


+0.259 0 2 + 0.259(3.76) N 2 -> 0.20 H 2 0 + 0.345 C0 2 + 1.482 N : 

( kmol air \ „ 1 

i n — r = 0-259 x — — = 1.233 

V kmol fuel/ theo 0.21 


If the air and fuel are at the same pressure and temperature, this also represents the 
ratio of the volume of air to the volume of fuel. 

kmol air 


For 20% excess air, 
The air-fuel ratio on a mass basis is 
A F = 


kmol fuel 

1.48(28.97) 


= 1.233 x 1.200 = 1.48 


0.14(2) + 0.27(28) + 0.03(16) + 0.006(32) + 0.509(28) + 0.045(44) 
1.48(28.97) 


24.74 


= 1.73 kg air/kg fuel 


An analysis of the products of combustion affords a very simple method for calculating 
the actual amount of air supplied in a combustion process. There are various experimental 
methods by which such an analysis can be made. Some yield results on a dry" basis, that 
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is, the fractional analysis of all the components, except for water vapor. Other experimental 
procedures give results that include the water vapor. In this presentation weare not concerned 
with the experimental devices and procedures, but rather with the use of such information 
in a thermodynamic analysis of the chemical reaction. The following examples illustrate 
how an analysis of the products can be used to determine the chemical reaction and the 
composition of the fuel. 

The basic principle in using the analysis of the products of combustion to obtain the 
actual fuel-air ratio is conservation of the mass of each element. Thus, in changing from 
reactants to products, wecan makea carbon balance, hydrogen balance, oxygen balance, and 
nitrogen bal ance (pi us any other elements thatmay beinvolved). Furthermore, werecognize 
that there is a definite ratio between the amounts of some of these elements. Thus, the ratio 
between the nitrogen and oxygen supplied in the air is fixed, as well as the ratio between 
carbon and hydrogen if the composition of a hydrocarbon fuel is known. 

EXAMPLE 15.4 

M ethane (CH 4 ) is burned with atmospheric air. The analysis of the products on a dry basis 
is as fol lows: 

co 2 10.00% 

0 2 2.37 

CO 0.53 

N, 87.10 

100.00% 

Calculate the air-fuel ratio and the percent theoretical air and determine the com- 
bustion equation. 

Solution 

The solution consists of writing the combustion equation for 100 kmol of dry products, 
introducing letter coefficients for the unknown quantities, and then solving for them. 

From the analysis of the products, the fol 1 ow i ng equation can be written, keeping in 
mind that this analysis is on a dry basis. 

aCH 4 + b0 2 + cN 2 -> 10.0 C0 2 + 0.53 CO + 2.37 0 2 + d H 2 0 + 87.1 N 2 

A balance for each of the elements will enable us to solve for all the unknown 
coefficients: 

N itrogen balance: c = 87.1 

Since all the nitrogen comes from the air 

1 = 5.76 6=^=23.16 

Carbon balance: a = 10.00 + 0.53 = 10.53 

FI ydrogen balance: d = 2a = 21.06 

Oxygen balance: All the unknown coefficients have been solved for, and therefore 
the oxygen balance provides a check on the accuracy. Thus, b can also be determined by 
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EXAMPLE 15.5 


an oxygen balance 


b = 10.00 


0.53 


2.37 


21.06 


2 2 
Substituting these values for a, b, c, and d, we have 


= 23.16 


10.53 CH 4 + 23.16 O 2 + 87.1 N 2 -* 

10.0 C0 2 + 0.53 CO + 2.37 0 2 + 21.06 H 2 0 + 87.1 N 2 
Dividing through by 10.53 yields the combustion equation per kmol of fuel. 

CH 4 + 2 . 2 O 2 + 8 . 27 N 2 -* 0.95 C0 2 + 0.05 CO + 2H 2 0 + 0.225 0 2 + 8.27 N 2 
The air-fuel ratio on a mole basis is 

2.2 + 8.27 = 10.47 kmol air/kmol fuel 

The air-fuel ratio on a mass basis is found by introducing the molecular masses. 
10.47 x 28.97 


AF = 


16.0 


= 18.97 kg air/kg fuel 


The theoretical air-fuel ratio is found by writing the combustion equation for theo- 
retical air. 


CH 4 
A F theo 


2 O , ■ 2:3 /6; N -* C0 2 + 2 H 2 0 + 7.52 N 2 
(2 + 7.52)28.97 


16.0 


The percent theoretical air is 


18.97 

17.23 


= 17.23 kg air/kg fuel 


= 110 % 


Coal from J enkin, Kentucky, has the following ultimate analysis on a dry basis, percent 
by mass: 


Component 

Percent by M ass 

Sulfur 

0.6 

Hydrogen 

5.7 

Carbon 

79.2 

Oxygen 

10.0 

N itrogen 

1.5 

Ash 

3.0 


This coal is to be burned with 30% excess air. Calculate the air-fuel ratio on a mass basis. 

Solution 

One approach to this problem is to write the combustion equation for each of the 
combustible elements per 100 kg of fuel. The molal composition per 100 kg of fuel is 
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found first. 

kmol S/100 kg fuel = ^ = 0.02 

kmol H 2 /IOO kg fuel = ^J- = 2.85 

kmol C /100 kg fuel = = 6.60 

kmol O 2 /IOO kg fuel = ^ = 0.31 

kmol N 2 /IOO kg fuel = ^ = 0.05 
2o 

The combustion equations for the combustible elements are now written, which 
enables us to find the theoretical oxygen required. 


0.02 S + 0.02 0 2 -> 0.02 S0 2 
2.85 H 2 + 1.42 0 2 -> 2.85 H 2 0 
6.60 C + 6.60 0 2 -*6.60 C0 2 

8.04 kmol 0 2 required/100 kg fuel 
-0.31 kmol O 2 in fuel/100 kg fuel 
7.73 kmol O 2 from air/100 kg fuel 


A F theo 


[7.73 + 7.73(3.76)]28.97 
100 


10.63 kg air/kg fuel 


For 30% excess air the air-fuel ratio is 

A F = 1.3 x 10.63 = 13.82 kg air/kg fuel 


In-Text Concept Questions 

a. How many kmoles of air are needed to burn 1 kmol of carbon? 

b. If I burn 1 kmol of hydrogen (H 2 ) with 6 kmol of air, what is the air-fuel ratio on a 
mole basis and what is the percent theoretical air? 

c. For the 110% theoretical air in Eq. 15.8, what is the equivalence ratio? Is that mixture 
rich or lean? 

d. I n most cases, combustion products are exhausted above the dew point. W hy? 


15.3 


ENTHALPY OF FORMATION 


In the first 14 chapters of this book, the problems always concerned a fixed chemical 
composition and never a change of composition through a chemical reaction. Therefore, in 
dealing with a thermodynamic property, we used tables of thermodynamic properties for 
the given substance, and in each of these tables the thermodynamic properties were given 
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FIGURE 15.3 

Example of the 
combustion process. 


relative to some arbitrary base. In the steam tables, for example, the internal energy of 
saturated liquid at 0.01°C is assumed to be zero. This procedure is quite adequate when there 
is no change in composition because we are concerned with the changes in the properties 
of a given substance. The properties at the condition of the reference state cancel out in 
the calculation. When dealing with reference states in Section 14.10, we noted that for a 
given substance (perhaps a component of a mixture), we are free to choose a reference state 
condition— for example, a hypothetical ideal gas— as long as we then carry out a consistent 
calculation from that state and condition to the real desired state. We also noted that we are 
free to choose a reference state value, as long as there is no subsequent inconsistency in 
the calculation of the change in a property because of a chemical reaction with a resulting 
change in the amount of a given substance. Now that we are to include the possibility of 
a chemical reaction, it will become necessary to choose these reference state values on a 
common and consistent basis. We will use as our reference state a temperature of 25°C, a 
pressure of 0.1 M Pa, and a hypothetical ideal-gas condition for those substances that are 
gases. 

Consider the simple steady-state combustion process shown in Fig. 15.3. This ide- 
alized reaction involves the combustion of solid carbon with gaseous (ideal-gas) oxygen, 
each of which enters the control volume at the reference state, 25°C and 0.1 M Pa. The 
carbon dioxide (ideal gas) formed by the reaction leaves the chamber at the reference state, 
25°C and 0.1 M Pa. If the heat transfer could be accurately measured, it would be found to 
be -393 522 kj/kmol of carbon dioxide formed. The chemical reaction can be written 

C + O 2 — > CO 2 


Applying the first law to this process, we have 

Q c.v + H r = H P (15.10) 


where the subscripts R and P refer to the reactants and products, respectively. We will find 
it convenient to also write the first law for such a process in the form 


Q c.v. 




(15.11) 


where the summations refer, respectively, to all the reactants or all the products. 

Thus, a measurement of the heat transfer would give us the difference between the 
enthalpy of the products and the reactants, where each is in the reference state condition. 
Suppose, however, that weassign the value of zero to the enthalpy of all the elements at the 
reference state, i n this case, the enthalpy of the reactants is zero, and 


<?c.v. = Hp = -393 522 kj/kmol 


O c v . = -393 522 kJ 

A 


1 kmol C 


25°C, 0.1 MPa 


1 kmol 0 2 


25°C, 0.1 MPa 



1 kmol C0 2 
25°C, 0.1 MPa 
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The enthalpy of (hypothetical) ideal-gas carbon dioxide at 25°C, 0.1 M Pa pressure (with 
reference to this arbitrary base in which the enthalpy of the elements is chosen to be zero), 
is called the enthalpy of formation. We designate this with the symbol hf. Thus, for carbon 
dioxide 

h° = -393 522 kj /kmol 

The enthalpy of carbon dioxide in any other state, relative to this base in which the 
enthalpy of the elements is zero, would be found by adding the change of enthalpy between 
ideal gas at 25°C, 0.1 M Pa, and the given state to the enthalpy of formation. That is, the 
enthalpy at any temperature and pressure, h T ,p, is 

hr,p = (h f ) 298 o.iMPa + (A^WoiMPa^r.p (15.12) 

where the term (Ah) 298i0 i MPa ^r,p represents the difference in enthalpy between any given 
state and the enthalpy of ideal gas at 298.15 K, 0.1 M Pa. For convenience we usually drop 
the subscripts in the examples that follow. 

The procedure that we have demonstrated for carbon dioxide can be applied to any 
compound. 

Table A .10 gives values of the enthalpy of formation for a number of substances in 
the units kj /kmol (or Btu/lb mol in Table F.ll). 

Three further observations should be made in regard to enthalpy of formation. 

1. We have demonstrated the concept of enthalpy of formation in terms of the mea- 
surement of the heat transfer in an idealized chemical reaction in which a com- 
pound is formed from the elements. Actually, the enthalpy of formation is usually 
found by the application of statistical thermodynamics, using observed spectroscopic 
data. 

2 . The justification of this procedure of arbitrarily assigning the value of zero to the 
enthalpy of the elements at 25°C, 0.1 M Pa, rests on the fact that in the absence of 
nuclear reactions the mass of each element is conserved in a chemical reaction. No 
conflicts or ambiguities arise with this choice of reference state, and it proves to 
be very convenient in studying chemical reactions from a thermodynamic point of 
view. 

3 . In certain cases, an element or compound can exist in more than one state at 25°C, 
0.1 M Pa. Carbon, for example, can be in theform of graphite or diamond. It is essential 
that the state to which a given value is related be clearly identified. Thus, in Table 
A .10, the enthalpy of formation of graphite is given the value of zero, and the enthalpy 
of each substance that contains carbon is given relative to this base. Another example 
is that oxygen may exist in the monatomic or diatomic form and also as ozone, O3. 
The value chosen as zero is for the form that is chemically stable at the reference state, 
which in the case of oxygen is the diatomic form. Then each of the other forms must 
have an enthalpy of formation consistent with the chemical reaction and heat transfer 
for the reaction that produces that form of oxygen. 

It will be noted from Table A .10 that two values are given for the enthalpy of for- 
mation for water; one is for liquid water and the other for gaseous (hypothetical ideal-gas) 
water, both at the reference state of 25°C, 0.1 M Pa. It is convenient to use the hypo- 
thetical ideal-gas reference in connection with the ideal-gas table property changes given 
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in Table A. 9 and to use the real liquid reference in connection with real water property 
changes as given in the steam tables, Table B.l. The real-liquid reference state properties 
are obtained from those at the hypothetical ideal-gas reference by following the procedure 
of calculation described in Section 14.10. The same procedure can be followed for other 
substances that have a saturation pressure less than 0.1 M Pa at the reference temperature 
of 25°C. 

Frequently, students are bothered by the minus sign when the enthalpy of formation 
is negative. For example, the enthalpy of formation of carbon dioxide is negative. This is 
quite evident because the heat transfer is negative during the steady-flow chemical reaction, 
and the enthalpy of the carbon dioxide must be less than the sum of enthalpy of the carbon 
and oxygen initially, both of which are assigned the value of zero. This is analogous to the 
situation we would have in the steam tables if we let the enthalpy of saturated vapor be zero 
at 0.1 M Pa pressure. In this case the enthalpy of the liquid would be negative, and we would 
simply use the negative value for the enthalpy of the liquid when solving problems. 


15.4 


FIRST-LAW ANALYSIS OF REACTING SYSTEMS 


The significance of the enthalpy of formation is that it is most convenient in performing 
a first-law analysis of a reacting system, for the enthalpies of different substances can be 
added or subtracted, since they are all given relative to the same base. 

Insuch problems, wewill write the first I aw for a steady-state, steady-flow processin 
the form 


0 C.V. + H ft — 1/1/ c.V. + H p 


or 


Q c.v. + ^ ' 0 / hi — l/l/c.v. + ^ ' n e h e 
R P 

where R and P refer to the reactants and products, respectively. In each problem it is 
necessary to choose one parameter as the basis of the solution. Usually this is taken as 
1 kmol of fuel. 


EXAMPLE 15.6 Consider the following reaction, which occurs in a steady-state, steady-flow process. 

CH4 + 2O2 -» CO2 + 2 H 2 0(/) 

The reactants and products are each at a total pressure of 0.1 M Pa and 25°C. Determine 
the heat transfer per kilomoleof fuel entering the combustion chamber. 

Control volume : Combustion chamber. 

Inlet state: P and T known; state fixed. 

Exit state: P and T known, state fixed. 

Process: Steady state. 

Model: Three gases ideal gases; real liquid water. 
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Analysis 

First law: 

Qc.v. + J2 n '^ = 

R P 


Solution 

Using values from Table A .10, we have 

= (b° f ) CH4 = -74 873 kj 

R 4 

+ 2 ( 5 ”, 

p 

= -393 522 + 2( — 285 830) = -965 182 kj 

0 c .v. = -965 182 - (-74 873) = -890 309 kj 

In most instances, however, the substances that comprise the reactants and products 
in a chemical reaction are not at a temperature of 25°C and a pressure of 0.1 M Pa (the state 
at which the enthalpy of formation is given). Therefore, the change of enthalpy between 
25°C and 0.1 M Pa and the given state must be known. For a solid or liquid, this change of 
enthalpy can usually be found from a table of thermodynamic properties or from specific 
heat data. For gases, the change of enthalpy can usually be found by one of the following 
procedures. 

1. Assume ideal-gas behavior between 25°C, 0.1 M Pa, and the given state, in this case, 
the enthalpy is a function of the temperature only and can be found by an equation 
of C p0 or from tabulated values of enthalpy as a function of temperature (which 
assumes ideal-gas behavior). Table A .6 gives an equation for C~ p0 for a number of 
substances and Table A. 9 gives values of h -h 2 98 (that is, the Ah of Eq. 15.12) in 
kj/kmol, ( h 2g8 refers to 25°C or 298.15 K. For simplicity this is designated h 298 .) 
The superscript 0 is used to designate that this is the enthalpy at 0.1 M Pa pressure, 
based on ideal-gas behavior, that is, the standard-state enthalpy. 

2. If a table of thermodynamic properties is available, Ah can be found directly from 
these tables if a real -substance behavior reference state is being used, such as that 
described above for liquid water. If a hypothetical ideal-gas reference state is being 
used, then it is necessary to account for the real -substance correction to properties 
at that state to gain entry to the tables. 

3. If the deviation from ideal -gas behavior is significant but no tables of thermodynamic 
properties are available, the value of Ah can be found from the generalized tables 
or charts and the values for r p0 or Ah atO.l M Pa pressure as indicated above. 

Thus, in general, for applying the first law to a steady-state process involving a 
chemical reaction and negligible changes in kinetic and potential energy, we can write 

0 c.v. + (h f + Ah). = 1/1/ c.v. + y ] n e (h f + Ah ) e 

R P 


(15.13) 
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EXAMPLE 15.7 

Calculate the enthalpy of water (on a kmole basis) at 3.5 M Pa, 300°C, relative to the25°C 
and 0.1 M Pa base, using the following procedures. 

1. Assume the steam to be an ideal gas with the value of C~ p o given in Table A .6. 

2. Assume the steam to be an ideal gas with the value for Ah as given in Table A .9. 

3. The steam tables. 

4. The specific heat behavior given in 2 above and the generalized charts. 


Solution 

For each of these procedures, we can write 

h T ,p = (h° f + Ah) 

The only difference is in the procedure by which we calculate Ah. From Table A .10 we 
note that 

(h° f ) H20(g) = -241 826 kJ/kmol 

1. Using the specific heat equation for H 2 0 (g) from Table A. 6, 

C p o = 1.79 + 0.1070 + O.5860 2 - 0.20<9 3 , 6 = T / 1000 

The specific heat at the average temperature 

r„,= 298 15 + 573 15 = 435.65 K 

is 

Cp o = 1.79 + 0.107(0.43565) + 0.586(0.43565) 2 - 0.2(0.43565) 3 

= 1.9313 kJ 
kg K 

Therefore, 

Ah = M C p o AT 

= 18.015 x 1.9313(573.15 - 298.15) = 9568 kj/kmol 

h T ,p = -241 826 + 9568 = -232 258 kJ /kmol 

2. U sing Table A.9forH 2 0(g), 

Ah = 9539 kJ /kmol 

h T .p = -241 826 + 9539 = -232 287 kJ /kmol 

3. Using the steam tables, either the liquid reference or the gaseous reference state may 
be used. 
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For the liquid, 

Ah = 18.015(2977.5 - 104.9) = 51 750 kj /kmol 
h T , P = -285 830 + 51 750 = -234 080 kj /kmol 
For the gas, 

Ah = 18.015(2977.5 - 2547.2) = 7752 kj /kmol 

h T .p = -241 826 + 7752 = -234 074 kj /kmol 

The very small difference results from using the enthalpy of saturated vapor at 25°C 
(which is almost but not exactly an ideal gas) in calculating the Ah. 

4. When using the generalized charts, we use the notation introduced in Chapter 14. 

h T , P = h° f - (h* 2 - fi 2 ) + (h* 2 - ^) + (fit - fii) 

where the subscript 2 refers to the state at 3.5 M Pa, 300°C, and state 1 refers to the 
state at 0.1 M Pa, 25°C. 


From part 2, h 2 -h 1 — 9539 kj /kmol. 


hi - hi = 0 (ideal-gas reference) 


P r2 = 44- = 0.158 
22.09 


T r2 = = 0.886 

r2 647.3 


From the generalized enthalpy chart, Fig. D.2, 

TT^ TT 

2 ~ 2 = 0.21, h* 2 -h 2 = 0.21 x 8.3145 x 647.3 = 1130 kj /kmol 

R T c 

h T .p = -241 826 - 1130 + 9539 = -233 417 kj /kmol 


Note that if the software is used including the acentric factor correction (value from Table 
D.4), as discussed in Section 14.7, the enthalpy correction is found to be 0.298 instead 
of 0.21 and the enthalpy is then -233 996 kj /kmol, which is considerably closer to the 
values found for the steam tables in procedure 3 above, the most accurate value. 

The approach that is used in a given problem will depend on the data available for 
the given substance. 


A small gas turbine usesC 8 FI is(/) forfuel and 400% theoretical air. The air and fuel enter 
at 25°C, and the products of combustion leave at 900 K. The output of the engine and 
the fuel consumption are measured, and it is found that the specific fuel consumption is 
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0.25 kg/s of fuel per megawatt output. Determine the heat transfer from the engine per 
kilomole of fuel. Assume complete combustion. 


Control volume: 
Inlet states: 
Exit state: 
Process: 
Model: 


Gas-turbine engine. 

T known for fuel and air. 

T known for combustion products. 

Steady state. 

Ail gases ideal gases, Table A. 9; liquid octane, Table A. 10. 


Analysis 

The combustion equation is 

C b Hi 8 (/) + 4(12.5)0 2 + 4(12.5X3.76) N 2 8C0 2 + 9H 2 0 + 37.50 2 + 188.0N 2 


First law: 

0 c.v. + ni (h f + Ah). = 1/1/ c.v. + n e (h f + Ah ) e 
R P 


Solution 

Since the air is composed of elements and enters at 25°C, the enthalpy of the reactants is 
equal to that of the fuel. 

T nj(h° f + Ah). = ( h° f ) = -250 105 kj/kmol fuel 

Z — ' ' / ' v-8n 18\') 

R 

Considering the products, we have 

n e(h° f + A h) e = n C o 2 (h° f + &h) C02 + n H2 o(h° f + ^h) HiQ 

p 2 2 

+ n 02 (A/i)o2 4” ^n 2 ( Ah) N2 
= 8( — 393 522 + 28 030) + 9(— 241 826 + 21 937) 

+ 37.5(19 241) + 188(18 225) 

= -755 476 kj/kmol fuel 

IV C v = ^° 0Q kJ/S x n ^ 23 kg = 456 920 kj /kmol fuel 
c 0.25 kg/s kmol J/ 

Therefore, from the first law, 

Q c.v. = -755 476 + 456 920 - (-250 105) 

= -48 451 kj/kmol fuel 


A small gas turbine uses C S H is(/) for fuel and 400% theoretical air. The air and fuel enter 
at 77 F, and the products of combustion leave at 1100 F. The output of the engine and the 
fuel consumption are measured, and it is found that the specific fuel consumption is 1 lb 
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of fuel per horsepower-hour. Determine the heat transfer from the engine per pound mole 
of fuel. Assume complete combustion. 


Control volume : 
Inlet states: 
Exit state: 
Process: 
Model : 


Gas-turbine engine. 

T known for fuel and air. 

T known for combustion products. 

Steady state. 

All gases ideal gases, Table F.6; liquid octane, Table F.ll. 


Analysis 

The combustion equation is 

C b Hi 8 (/) + 4(12.5)0 2 + 4(12.5)(3.76) N 2 -* 8C0 2 + 9H 2 0 + 37.50 2 + 188.0N 2 


First law: 

0 c.v. + (h f + A h ). = 1/1/ c.v. + ^n e (h f + Ah ) e 
R P 


Solution 

Since the air is composed of elements and enters at 77 F, the enthalpy of the reactants is 
equal to that of the fuel. 

^ni[h° f + Ah], = (h° f ) c = -107 526 Btu/lb mol 

R 8 “ 

Considering the products 

+ A ^ e = n co 2 (h° + Ah) c02 + n H2 o(h° + Ah) H20 + no 2 (Ah) 02 + n N2 (Ah) N2 

p 2 2 

= 8( — 169 184 + 11 391) + 9(— 103 966 + 8867) 

+ 37.5(7784) + 188(7374) 

= -439 803 Btu/lb mol fuel, 
l/l/c.v. = 2544 X 114.23 = 290 601 Btu/lb mol fuel 
Therefore, from the first law, 

Q c . v . = -439 803 + 290 601 - (-107 526) 

= -41 676 Btu/lb mol fuel 


A mixture of 1 kmol of gaseous ethene and 3 kmol of oxygen at 25°C reacts in a constant- 
volume bomb. FI eat is transferred until the products are cooled to 600 K . Determine the 
amount of heat transfer from the system. 

Control mass: Constant-volume bomb. 

Initial state: T known. 
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Final state: T known. 

Process: Constant volume. 

Model: Ideal-gas mixtures, Tables A. 9, A. 10. 

Analysis 

The chemical reaction is 

C 2 H 4 + 3 O 2 2 C0 2 + 2 H 2 0(g) 

First law: 

0 +U =U P 

Q + ^ ~2n(h° f + A h-WT) = ^ n(h° f + Ah - ~RT) 

R P 


Solution 


Using values from TablesA.9 and A. 10, gives 

J2n(h° f + Ah-RT) = tf f -RT) -n 02 [RT) 0i = - 4RT 

R 2 4 2 4 

= 52 467 - 4 x 8.3145 x 298.2 = 42 550 kj 
^2 n (h f + Ah — R T ) = 2[(h f ) C q 2 + Ahco 2 ] + 2[(/r f) H2 o(g) 20 (g)] — 4R T 

p 2 2 

= 2( — 393 522 + 12 906) + 2(— 241 826 + 10 499) 

- 4 x 8.3145 x 600 
= -1 243 841 kj 

Therefore, 

0 = -1 243 841 - 42 550 = -1 286 391 kj 


Fora real -gas mixture, a pseudocriti cal method such as Kay's rule, Eq. 14.83, could be 
used to evaluate the nonideal-gas contribution to enthalpy at the temperature and pressure 
of the mixture and this value added to the ideal-gas mixture enthalpy at that temperature, 
as in the procedure developed in Section 14.10. 


15.5 


ENTHALPY AND INTERNAL ENERGY 
OF COMBUSTION; HEAT OF REACTION 


The enthalpy of combustion, h RP , is defined as the difference between the enthalpy of the 
products and the enthalpy of the reactants when complete combustion occurs at a given 
temperature and pressure. That is, 


h RP = H p — Hr 

h RP = J2 en ^f + A ^e ~ 

P R 


(15.14) 
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The usual parameter for expressing the enthalpy of combustion is a unit mass of fuel, 
such asa kilogram (h RP ) ora kilomole (h RP ) of fuel. 

As the enthalpy of formation is fixed, we can separate the terms as 

H = H° + AH 


where 

R 

and 

p 

Now the difference in enthalpies is written 


A H R = ^n, Ahj 
R 


A H P = 

p 


H P -H R = H p -H° + AH P - AH r 
= h RPo + AH P - AH r 


(15.15) 


explicitly showing the reference enthalpy of combustion, h RP o, and the two departure terms 
AH P and AH R . The latter two terms for the products and reactants are nonzero if they exist 
at a state other than the reference state. 

The tabulated values of the enthalpy of combustion of fuels are usually given for a 
temperature of 25°C and a pressure of 0.1 M Pa. The enthalpy of combustion for a number 
of hydrocarbon fuels at this temperature and pressure, which we designate h RP o, is given in 
Table 15.3. 

The internal energy of combustion is defined in a similar manner. 

Urp = U p —Ur 

= E n e(fr° f + Ah - Pv) e - + AS" - (15.16) 

P R 


W hen all the gaseous constituents can be considered as ideal gases, and the volume 
of the liquid and solid constituents is negligible compared to the value of the gaseous 
constituents, this relation forff fiP reduces to 

Urp = h r p — RT (n gaseous products — ^ gaseous reactants ) (15.17) 

Frequently the term heating value or heat of reaction is used. This represents the 
heat transferred from the chamber during combustion or reaction at constant temperature. 
In the case of a constant pressure or steady-flow process, we conclude from the first law 
of thermodynamics that it is equal to the negative of the enthalpy of combustion. For this 
reason, this heat transfer is sometimes designated the constant-pressure heating value for 
combustion processes. 

in the case of a constant-volume process, the heat transfer is equal to the negative 
of the internal energy of combustion. This is sometimes designated the constant-volume 
heating value in the case of combustion. 

W hen the term heating value is used, the terms higher and lower heating value are 
used. The higher heating value is the heat transfer with liquid water in the products, and the 
lower heating value is the heat transfer with vapor water in the products. 
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TABLE 15.3 

E nthalpy of C ombustion of Some H ydrocarbons at25°C 


Hydrocarbon 

LJN'TS: kL 

Liquid H 2 0 

IN PRODUCTS 

Gas h 2 0 

IN PRODUCTS 

Formula 

Liq. HC 

Gas HC 

Liq. HC 

Gas HC 

Paraffins 

C nH 2n+2 





M ethane 

ch 4 


-55 496 


-50 010 

Ethane 

C 2 H 6 


-51875 


-47 484 

Propane 

C 3 H 8 

-49 973 

-50 343 

-45 982 

-46 352 

n- Butane 

C 4 H 10 

-49 130 

-49 500 

-45 344 

-45 714 

n- Pentane 

C 5 H 12 

-48 643 

-49 011 

-44 983 

-45 351 

n- Hexane 

CeH 14 

-48 308 

-48 676 

-44 733 

-45 101 

n- Heptane 

C 7 H 16 

-48 071 

-48 436 

-44 557 

-44 922 

n- Octane 

O 

00 

□= 

CO 

-47 893 

-48 256 

-44 425 

-44 788 

n- Decane 

C 10 H 22 

-47 641 

-48 000 

-44 239 

-44 598 

n-Dodecane 

C 12 H 26 

-47 470 

-47 828 

-44 109 

-44 467 

n- Cetane 

C 16 H 34 

-47 300 

-47 658 

-44 000 

-44 358 

Olefins 

c„H 2n 





Ethene 

C 2 H 4 


-50 296 


-47 158 

Propene 

c 3 h 6 


-48 917 


-45 780 

Butene 

C 4 H 8 


-48 453 


-45 316 

Pentene 

C 5 H 10 


-48 134 


-44 996 

Hexene 

C 6 H 12 


-47 937 


-44 800 

Heptene 

C 7 H 14 


-47 800 


-44 662 

Octene 

C 8 Hl6 


-47 693 


-44 556 

Nonene 

C 9 H 18 


-47 612 


-44 475 

Decene 

C 10 H 20 


-47 547 


-44 410 

Alkylbenzenes 

C 6+nH 6+2n 





Benzene 

C 6 H 6 

-41 831 

-42 266 

-40 141 

-40 576 

M ethylbenzene 

C 7 H 8 

-42 437 

-42 847 

-40 527 

-40 937 

Ethylbenzene 

0 

CO 

n 

0 

-42 997 

-43 395 

-40 924 

-41 322 

Propylbenzene 

C9H12 

-43 416 

-43 800 

-41 219 

-41 603 

Butyl benzene 

C10H14 

-43 748 

-44 123 

-41 453 

-41 828 

Other fuels 






Gasoline 

C7H17 

-48 201 

-48 582 

-44 506 

-44 886 

Diesel T-T 

C 14.4 H 24.9 

-45 700 

-46 074 

-42 934 

-43 308 

JP8 jet fuel 

C 1 3 H 23. 8 

-45 707 

-46 087 

-42 800 

-43 180 

M ethanol 

ch 3 oh 

-22 657 

-23 840 

-19 910 

-21 093 

Ethanol 

C 2 H 50 H 

-29 676 

-30 596 

-26 811 

-27 731 

N itromethane 

ch 3 no 2 

-11618 

-12 247 

-10 537 

-11 165 

Phenol 

c 6 h 5 oh 

-32 520 

-33176 

-31 117 

-31 774 

Hydrogen 

h 2 


-141 781 


-119 953 
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Calculate the enthalpy of combustion of propane at 25°C on both a kilomoleand kilogram 
basis under the following conditions: 

1. Liquid propane with liquid water in the products. 

2 . Liquid propane with gaseous water in the products. 

3. Gaseous propane with liquid water in the products. 

4. Gaseous propane with gaseous water in the products. 

This example is designed to show how the enthalpy of combustion can be determined 
from enthalpies of formation. The enthalpy of evaporation of propane is 370 kj/kg. 


Analysis and Solution 

The basic combustion equation is 

C 3 H 8 + 5 O 2 -+ 3 C0 2 + 4 H 2 0 
From Table A. 10 (h°f) C3He(g] = -103 900 kj /kmol. Therefore, 

(h° f ) r u ... = -103 900 - 44.097(370) = —120 216 kj/kmol 


1. Liquid propane- liquid water: 


hRP o = 3(h° f ) 


co 2 


A / T~ 0 

4 (h 


f, H 2 0 (/) 


~(h°f) 


C 3 Ha(/) 


= 3( — 393 522) + 4(— 285 830) - (-120 216) 

2 203 670 

= -2 203 670 kj / kmol = — 44 Qg7 = -49 973 kj /kg 

The higher heating value of liquid propane is 49 973 kj/kg. 

2. Liquid propane-gaseous water: 


hRP o = 3 (h° f ) 


co 2 


A /l - 0 

4 (h 


f, H 2 0(g) 


-tf) 


C 3 H S (I) 


= 3( — 393 522) + 4(— 241 826) - (-120 216) 

2 027 654 

= -2 027 654 kj /kmol = — 44 Qg7 = -45 982 kj /kg 


The lower heating value of liquid propane is 45 982 kj/kg. 

3. Gaseous propane- liquid water: 


h RPo = 3 (h° f ) 


co 2 


A lT~ 0 

4 (h 


1-0 , 


f ) H 2 0(/l _ 


C 3 H 8 (g) 


= 3( — 393 522) + 4(-285 830) - (-103 900) 

0 010 QQC 

= -2 219 986 kj / kmol = — 44 ^- = -50 343 kj /kg 
The higher heating value of gaseous propane is 50 343 kj/kg. 
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4. Gaseous propane- gaseous water: 

h RP0 = 3(h° f ) CO2+ 4(h 0 f ) H2O(g) -(^) C3H8(g) 

= 3( — 393 522) + 4(— 241 826) - (-103 900) 

2 043 970 

= -2 043 970 kj / kmol = — — = -46 352 kj /kg 
The lower heating value of gaseous propane is 46 352 kj/kg. 


Each of the four values calculated in this example corresponds to the appropriate 
valuegiven in Table 15.3. 


Calculate the enthalpy of combustion of gaseous propane at 500 K. (At this temperature all 
the water formed during combustion will be vapor.) This example will demonstrate how 
the enthalpy of combustion of propane varies with temperature. The average constant- 
pressure specific heat of propane between 25°C and 500 K is 2.1 kj/kg K. 

Analysis 

The combustion equation is 

C 8 Hi 8 (g) + 5 0 2 -> 3C0 2 + 4H 2 0(g) 

The enthalpy of combustion is, from Eq. 15.13, 

( h RP ) T = J2 n ^°f + A ^ e ~ 

P R 


Solution 


^ R 500 — f + C p.a v( A.T )]c 3 ih B ( g) + n 0 2 (A/l)o 2 

= -103 900 + 2.1 x 44.097(500 - 298.2) + 5(6086) 
= -54 783 kj /kmol 

hp 500 = n C o 2 (h° f + Ah) C02 +n H2 o(S°f + Ah) H20 
= 3( — 393 522 + 8305) + 4(— 241 826 + 6922) 

= -2 095 267 kj /kmol 

h R P500 = -2 095 267 - (-54 783) = -2 040 657 kj /kmol 


h R P 5og 


— 2 040 484 
44.097 


-46 273 kj/kg 


This compares with a value of -46 352 at 25°C. 
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This problem could also have been solved using the given value of the enthalpy of 
combustion at25°C by noting that 


h r P500 — ( Hp ) 500 — ( Hr Loo 

= n C o 2 (h° + A h) CQ2 + n H2 o(h° f + Ah)^ 

-[h f + C P .av( A T )] C3Ha(g) — no 2 (Ah ) 02 


— h rp 0 + rico 2 (Ah)co 2 + n H 2 o(Ah ) H20 
— C p.av( AT )c 3 H 8 (g) — r)o 2 (A/l)o 2 
h fi p 500 = -46 352 x 44.097 + 3(8305) + 4(6922) 
- 2.1 x 44.097(500 - 298.2) - 5(6086) 
= -2 040 499 kj/kmol 
-2 040 499 


1 R P 500 


44.097 


= -46 273 kj /kg 
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ADIABATIC FLAME TEMPERATURE 


Consider a given combustion process that takes place adiabatically and with no work or 
changes in kinetic or potential energy involved. For such a process the temperature of the 
products is referred to as the adiabatic flame temperature. With the assumptions of no work 
and no changes in kinetic or potential energy, this is the maximum temperature that can be 
achieved for the given reactants because any heat transfer from the reacting substances and 
any incomplete combustion would tend to lower the temperature of the products. 

For a given fuel and given pressure and temperature of the reactants, the maximum 
adiabatic flame temperature that can be achieved is with a stoichiometric mixture. The adi- 
abatic flame temperature can be controlled by the amount of excess air that is used. This is 
important, for exam pie, in gas turbines, where the maxi mum permissible temperature is de- 
termined by metallurgical considerations in theturbineand closecontrol of the temperature 
of the products is essential. 

Example 15.12 shows how the adiabatic flame temperature may be found. The dis- 
sociation that takes place in the combustion products, which has a significant effect on the 
adiabatic flame temperature, will be considered in the next chapter. 


EXAMPLE Liquid octaneat25°C is burned with 400% theoretical air at 25°C in a steady-state process. 

Determine the adiabatic flame temperature. 

Control volume : Combustion chamber. 

Inlet states: T known for fuel and air. 

Process: Steady state. 

Model : Gases ideal gases, Table A. 9; liquid octane, Table A. 10. 


ADIABATIC FLAME TEMPERATURE ■ 641 


Analysis 

The reaction is 

C 8 H i 8 (/ ) + 4(12.5)02 + 4(12.5X3.76) N 2 ^8C0 2 + 9 H 2 0(g) + 37.5 0 2 + 188.0 N 2 
First law: Since the process is adiabatic, 

Hr = H P 

n i(h°f + Ah). = J2 n e(h°f + A h) e 

R P 

where A h e refers to each constituent in the products at the adiabatic flame temperature. 

Solution 

From Tables A. 9 and A. 10, 

Hr = ^2 n i (fi°f + Ah). = (h° f ) CaH is(() = -250 105 kj /kmol fuel 

r 8 18 

Hr =J2 n e(h°f + A h) e 

p 

= 8( — 393 522 + Ah C o 2 ) + 9(— 241 826 + Ah H2 o) + 37.5 A h 0l + 188.0 Ah N2 

By trial -and-error solution, a temperature of the products is found that satisfies this 
equation. Assume that 

T P = 900 K 

Hr =J2 n e(fr°f + Ahi) e 

p 

= 8( — 393 522 + 28 030) + 9(— 241 826 + 21 892) 

+ 37.5(19 249) + 188(18 222) 

= -755 769 kj /kmol fuel 

Assume that 

T P = 1000 K 
Hr =J2 n ^f + Af0 e 

p 

= 8( — 393 522 + 33 400) + 9(— 241 826 + 25 956) 

+ 37.5(22 710) + 188(21 461) 

= 62 487 kj/kmol fuel 

Since H P —Hr = -250 105 kj/kmol, we find by linear interpolation that the adiabatic 
flame temperature is 961.8 K . Becausetheideal-gas enthalpy is not really a I inear function 
of temperature, the true answer will be slightly different from this value. 
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In-Text Concept Questions 

e. How is a fuel enthalpy of combustion connected to its enthalpy of formation? 

f. What are the higher and lower heating values HHV, LHV of n-butane? 

g. What is the value of hf g for n-octane? 

h. W hat happens to the adiabatic flame temperature when I burn rich and when I burn 
lean? 


15.7 


THE THIRD LAW OF THERMODYNAMICS 
AND ABSOLUTE ENTROPY 


As we consider a second-law analysis of chemical reactions, we face the same problem we 
had with the first law: What base should be used for the entropy of the various substances? 
This problem leads directly to a consideration of the third law of thermodynamics. 

The third law of thermodynamics was formulated during the early twentieth century. 
The initial work was done primarily by W. H . Nernst (1864-1941) and M ax Planck (1858- 
1947). The third law deals with the entropy of substances at absolute zero temperature and in 
essence states that the entropy of a perfect crystal is zero at absolute zero. From a statistical 
point of view, this means that the crystal structure has the maximum degree of order. 
Furthermore, because the temperature is absolute zero, the thermal energy is minimum. It 
also follows that a substance that does not have a perfect crystalline structure at absolute 
zero, but instead has a degree of randomness, such as a solid solution or a glassy solid, has 
a finite value of entropy at absolutezero. The experimental evidenceon which the third law 
rests is primarily data on chemical reactions at low temperatures and measurements of heat 
capacity at temperatures approaching absolutezero. In contrast to the first and second laws, 
which lead, respectively, to the properties of internal energy and entropy, the third law deals 
only with the question of entropy at absolute zero. However, the implications of the third 
law are quite profound, particularly in respect to chemical equilibrium. 

T he relevanceof the third law is that it provides an absolute basefrom which to measure 
the entropy of each substance. The entropy relative to this base is termed the absolute 
entropy. The increase in entropy between absolute zero and any given state can be found 
either from calorimetric data or by procedures based on statistical thermodynamics. The 
calorimetric method gives precise measurements of specific-heat data over the temperature 
range, as well as of the energy associated with phase transformations. These measurements 
are in agreement with the calculations based on statistical thermodynamics and observed 
molecular data. 

Table A .10 gives the absolute entropy at 25°C and 0.1 M Pa pressure for a number of 
substances. Table A .9 gives the absolute entropy for a number of gases at 0.1 M Pa pressure 
and various temperatures. For gases the numbers in all these tables are the hypothetical 
ideal-gas values. The pressure P° of 0.1 M Pa is termed the standard-state pressure, and the 
absolute entropy as given in these tables is designated s°. The temperature is designated in 
kelvins with a subscript such as s5 000 . 

If the value of the absolute entropy is known at the standard-state pressure of 0.1 M Pa 
and a given temperature, it is a straightforward procedure to calculate the entropy change 
from this state (whether hypothetical ideal gas or real substance) to another desired state 
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following the procedure described in Section 14.10. If the substance is listed in Table A .9, 
then 

s r ,P =s? -R ln^ + (s r ,P -s^ iP ) (15.18) 

In this expression, the first term on the right side is the value from Table A .9, the second 
is the ideal -gas term to account for a change in pressure from P° to P, and the third is the 
term that corrects for real -substance behavior, as given in the generalized entropy chart in 
Appendix A . If the real-substance behavior is to be evaluated from an equation of state or 
thermodynamic table of properties, the term for the change in pressure should be made to a 
low pressureP*, atwhich ideal-gas behavior is a reasonable assumption, butitisalso listed 
in the tables. Then 

s 7 ,p —Sj-~R In-E + (s r ,P - 5?, P .) (15.19) 

If the substance is not one of those listed in Table A .9, and the absolute entropy is known 
only at one temperature T o, as given in Table A .10, for example, then it will be necessary 
to calculate from 

5? =s° To + f (15.20) 

and then proceed with the calculation of Eq. 15.17 or 15.19. 

If Eq. 15.18 is being used to calculate the absolute entropy of a substance in a region 
in which theideal-gas model is a valid representation of the behavior of that substance, then 
the last term on the right side of Eq. 15.18 simply drops out of the calculation. 

For calculation of the absolute entropy of a mixture of ideal gases at T, P , the mixture 
entropy is given in terms of the component partial entropies as 

Smix = E ytf < 15 ' 21 > 

/ 

where 

S* = s° - R InE _ r m y , = s° Ti - R In ^ (15.22) 

For a real-gas mixture, a correction can be added to the ideal-gas entropy calculated from 
Eqs. 15.21 and 15.22 by using a pseudocritical method such as was discussed in Section 
14.10. The corrected expression is 

Smix = s* ix + (s-s*) r ,p (15.23) 

in which the second term on the right side is the correction term from the generalized 
entropy chart. 


15.8 


SECOND-LAW ANALYSIS OF REACTING SYSTEMS 


Theconceptsof reversible work, irreversibility, and availability (exergy) were introduced in 
Chapter 10. These concepts included both the first and second laws of thermodynamics. We 
will now develop this matter further, and we will be particularly concerned with determining 
the maximum work (availability) that can be done through a combustion process and with 
examining the irreversibilities associated with such processes. 
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The reversible work for a steady-state process in which there is no heat transfer with 
reservoirs other than the surroundings, and also in the absence of changes in kinetic and 
potential energy, is, from Eg. 10.14 on a total mass basis, 


1/1/ rev 


-T 0 Si) -J2 m e(h e -T 0 s e ) 


Applying this equation to a steady-state process that involves a chemical reaction, 
and introducing the symbols from this chapter, we have 


w® = 22 n ^ h °f + Ah - T ° 5 \ - 22 n ^ h °f + Ah - T ° 5 h 

R P 

Similarly, the irreversibility for such a process can be written as 

/ = lT ev - IV = £ n eT 0 Se - 22 niT ° E > ~ Q ™- 

P R 


(15.24) 


(15.25) 


The availability, \jr, for a steady-flow process, in the absence of kinetic and potential 
energy changes, is given by Eq. 10.22 as 


i i/r = [h- T 0 s) - (ho-ToSo) 


We further note that if a steady-state chemical reaction takes place in such a manner 
that both the reactants and products are in temperature equilibrium with the surroundings, 
the Gibbs function (g = h - Ts), defined in Eq. 14.14, becomes a significant variable. For 
such a process, in the absence of changes in kinetic and potential energy, the reversible work 
is given by the relation 


W m = 22Wi -J> e g e = -AG (15.26) 

R P 

in which 

AG = AH -T AS (15.27) 

We should keep in mind that Eq. 15.26 is a special case and that the reversible work is 
given by Eq. 15.24 if the reactants and products are not in temperature equilibrium with the 
surroundings. 

Let us now consider the maximum work that can be done during a chemical reac- 
tion. For example, consider 1 kmol of hydrocarbon fuel and the necessary air for complete 
combustion, each at 0.1 M Pa pressure and 25°C, the pressure and temperature of the sur- 
roundings. What is the maxi mum work that can be done as this fuel reacts with the air? From 
the considerations covered in Chapter 10, we conclude that the maximum work would be 
done if this chemical reaction took place reversibly and the products were finally in pressure 
and temperature equilibrium with the surroundings. We conclude that this reversible work 
could be calculated from the relation in Eq. 15.26, 

w rev = 22 - 22 n & = -ag 

R P 

Flowever, since the final state is in equilibrium with the surroundings, we could 
consider this amount of work to be the availability of the fuel and air. 
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EXAMPLE 15.13 


FIGURE 15.4 Sketch 
for Example 1 5.1 3. 


Ethene (g) at 25°C and 0.1 M Pa pressure is burned with 400% theoretical air at 25°C and 
0.1 M Pa pressure. Assume that this reaction takes place reversibly at 25°C and that the 
products leave at 25°C and 0.1 M Pa pressure. To simplify this problem further, assume that 
the oxygen and nitrogen are separated before the reaction takes place (each at 0.1 M Pa, 
25°C), that the constituents in the products are separated, and that each is at 25°C and 
0.1 M Pa. Thus, the reaction takes place as shown in Fig. 15.4. This is not a realistic 
situation, since the oxygen and nitrogen in the air entering are in fact mixed, as would 
also be the products of combustion exiting the chamber. This is a commonly used model, 
however, for the purposes of establishing a standard for comparison with other chem- 
ical reactions. For the same reason, we also assume that all the water formed is a gas 
(a hypothetical state at the given T andP). 

Determine the reversible work for this process (that is, the work that would be done 
if this chemical reaction took place reversibly and isothermal ly). 


Control volume: 
Inlet states: 
Exit states: 
M odel: 
Sketch: 


Combustion chamber. 

P , T known for each gas. 

P, T known for each gas. 

All ideal gases, Tables A. 9 and A. 10. 
Figure 15.4. 


Analysis 

The equation for this chemical reaction is 

C 2 H 4 (g) + 3(4) 0 2 + 3(4)(3.76) N 2 -* 2 C0 2 +2 H 2 0(g) + 9 0 2 + 45.1 N 2 

The reversible work for this process is equal to the decrease in Gibbs function during this 
reaction, Eq. 15.26. Since each component is at the standard-state pressure P°, we write 
Eqs. 15.26 and 15.27 as 

1/1/ rev = — AG AG 0 = AH 0 — T AS 0 

We also note that the 45.1 N 2 cancels out of both sides in these expressions, as does 9 of 
the 12 0 2 . 



N 


Each at 
• T = 25°C 
P = 0.1 MPa 
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Solution 

Using values from Tables A .8 and A .9 at 25°C, 


AH 0 — 2h fC02 + 2 h f H 2 o(g) - h fC2 H 4 - 3 h f02 

= 2( — 393 522) + 2(— 241 826) - (+52 467) - 3(0) 

= -1 323 163 kj/kmol fuel 

A 5 — 7?° 4- 7?° <r° _ 

— zi C0 2 + zi H 2 0(g) i C 2 H 4 Ji 0 2 

= 2(213.795) + 2(188.843) - (219.330) - 3(205.148) 


= -29.516 kj/kmol fuel 
AG 0 = -1 323 163 - 298. 15(— 29.516) 

= -1 314 363 kj/kmol C 2 H 4 
W rev = -AG° = 1 314 363 kj/kmol C 2 H 4 


1 314 363 
28.054 


= 46 851 kj /kg 


Therefore, we might say that when 1 kg of ethene is at 25°C and the standard-state 
pressure is 0.1 M Pa, it has an availability of 46 851 kj. 


Thus, it would seem logical to rate the efficiency of a device designed to do work by 
utilizing a combustion process, such as an internal-combustion engine or a steam power 
plant, as the ratio of the actual work to the reversible work or, in Example 15.13, the decrease 
in Gibbs function for the chemical reaction, instead of comparing the actual work to the 
heating value, as is commonly done. This is, in fact, the basic principle of the second-law 
efficiency, which was introduced in connection with availability analysis in Chapter 10. As 
noted from Example 15.13, the difference between the decrease in Gibbs function and the 
heating value is small, which is typical for hydrocarbon fuels. The difference in the two types 
of efficiencies will, therefore, not usually be large. We must always be careful, however, 
when discussing efficiencies, to note the definition of the efficiency under consideration. 

It is of particular interest to study the irreversibility that takes place during a com- 
bustion process. The following examples illustrate this matter. We consider the same hy- 
drocarbon fuel that was used in Example 15.13, ethene gas at 25°C and 100 kPa. We 
determined its availability and found it to be 46 851 kj/kg. Now let us burn this fuel 
with 400% theoretical air in a steady-state adiabatic process, in this case, the fuel and air 
each enter the combustion chamber at 25°C and the products exit at the adiabatic flame 
temperature, but for the purpose of illustrating the calculation procedure, let each of the 
three pressures be 200 kPa in this case. The result, then, is not exactly comparable to 
Example 15.13, but the difference is fairly minor. Since the process is adiabatic, the ir- 
reversibility for the process can be calculated directly from the increase in entropy using 
Eg. 15.25. 
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EXAMPLE 15.14 


FIGURE 15.5 Sketch 
for Example 1 5.1 4. 


Ethene gas at 25°C and 200 kPa enters a steady-state adiabatic combustion chamber along 
with 400% theoretical airat25°C, 200 kPa, asshown in Fig. 15.5. The product gas mixture 
exits at the adiabatic flame temperature and 200 kPa. Calculate the irreversibility per kmol 
of ethene for this process. 


Control volume: 
Inlet states: 
Exit state: 
Model: 
Sketch: 


Combustion chamber 

P, T known for each component gas stream 

P, T known 

All ideal gases, Tables A. 9 and A. 10 
Fig. 15.5 


c 2 h 4 

25°C, 200 kPa 

400% Air_ 

25°C, 200 kPa 



Products 
T p , 200 kPa 


Analysis 

The combustion equation is 

C 2 H 4 (g) + 12 0 2 + 12(3.76) N 2 2C0 2 + 2 H 2 0(g) + 9 0 2 + 45.1 N 2 

The adiabatic flame temperature is determined first. 

First law: 

Hr = H P 

n e(h° f + Ah) e 

R P 

Solution 


52 467 = 2( — 393 522 + A/i C o 2 ) + 2(— 241 826 + A/i H2 o ( g)) + 9A/io 2 + 45.1 A/i N2 

By a trial-and-error solution we find the adiabatic flame temperature to be 1016 K . 
We now proceed to find the change in entropy during this adiabatic combustion 
process. 


Sr — Sc 2 h 4 + ^air 


From Eq. 15.17. 


S C2 h 4 = l(219.330 - 8.3145 In ^ = 213.567 kj/K 
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From Eqs. 15.21 and 15.22, 

S air = 12^205.147 - 8.3145 In 

+ 45.1^191.610 - 8.3145 In ^^qq 200 

= 12(212.360) + 45.1(187.807) = 11 018.416 kj/k 

S R = 213.567 + 11 018.416 = 11 231.983 kj/k 

For a multicomponent product gas mixture, it is convenient to set up a table, as 
follows: 


Comp 

"/ 

y< 

R In ^ 

po 

s° 

b Ti 

5, 

C0 2 

2 

0.0344 

-22.254 

270.194 

292.448 

h 2 o 

2 

0.0344 

-22.254 

233.355 

255.609 

0 2 

9 

0.1549 

-9.743 

244.135 

253.878 

N 2 

45.1 

0.7763 

+3.658 

228.691 

225.033 


Then, with values from this table for n,- and S, for each component/, 

S P = J^niSi = 13 530.004 kJ/K 

Since this is an adiabatic process, the irreversibility is, from Eq. 15.25, 


I = T 0 (S P -S R ) = 298.15(13 530.004 - 11 231.983) = 685 155 kj/kmol C 2 H 4 

685 155 

= 24 423 kj/kg 


28.054 


From the result of Example 15.14, we find that the irreversibility of that combustion 
process was 50% of the availability of the same fuel, as found at standard-state conditions 
in Example 15.13. We conclude that a typical combustion process is highly irreversible. 


15.9 


FUEL CELLS 


The previous examples raise the question of the possibility of a reversible chemical reac- 
tion. Some reactions can be made to approach reversibility by having them take place in 
an electrolytic cell, as described in Chapter 1. When a potential exactly equal to the elec- 
tromotive force of the cell is applied, no reaction takes place. When the applied potential 
is increased slightly, the reaction proceeds in one direction, and if the applied potential is 
decreased slightly, the reaction proceeds in the opposite direction. The work done is the 
electrical energy supplied or delivered. 
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EXAMPLE 15.15 


Consider a reversible reaction occurring at constant temperature equal to that of its 
environment. The work output of the fuel cell is 

W = -(J2n e g e -J^n l g,j = - AG 

where AG is the change in Gibbs function for the overall chemical reaction. We also 
realize that the work is given in terms of the charged electrons flowing through an electrical 
potential % as 

1/1/ = w e N 0 e 

in which n e is the number of kilomolesof electrons flowing through the external circuit and 


A/ 0 e = 6.02 2 1 36 x 10 26 elec/kmol x 1.602 177 x 10“ 22 kj /elec V 
= 96 485 kj/kmol V 

Thus, for a given reaction, the maximum (reversible reaction) electrical potential ‘g 0 of a 
fuel cell at a given temperature is 


o = ~ AG 
" 96 485n e 


(15.28) 


Calculate the reversible electromotive force (EM F) at 25°C for the hydrogen- oxygen fuel 
cell described in Section 1.2. 

Solution 


The anode side reaction was stated to be 

2 H 2 -> 4H+ + 4e" 

and the cathode side reaction is 


4 H ' 


0 2 -* 2 H 2 0 


Therefore, the overall reaction is, in kilomoles, 

2 H 2 + 0 2 -> 2H 2 0 

for which 4 kmol of electrons flow through the external circuit. Let us assume that each 
component is at its standard-state pressure of 0.1 M Pa and that the water formed is I iquid. 
Then 


7-0 


AH° = 2h 


f ~ 2/i° 

' H 2 O (( ) 'H 2 


7-0 

h f, 


°2 


= 2( — 285 830) - 2(0) - 1(0) = -571 660 kj 

A C0 _ -Jr 0 ?r0 _ 

- ^ S H 2 0 ()| ZS H 2 S 0 2 

= 2(69.950) - 2(130.678) - 1(205.148) = -326.604 kj /K 
AG 0 = -571 660 - 298. 15(— 326.604) = -474 283 kj 
Therefore, from Eq. 15.28, 


*° = 


-474 283) 


= 1.229V 


96 485 x 4 
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FIGURE 15.6 

Hydrogen-oxygen fuel 
cell ideal EMF as a 
function of temperature. 



Temperature (K) 


In Example 15.15, we found the shift in the Gibbs function and the reversible EMF 
at 25°C. In practice, however, many fuel cells operate at an elevated temperature where the 
water I eaves as a gas and not as a liquid; thus, it carries away more energy. The computations 
can be done for a range of temperatures, leading to lowerEM F as the temperature increases. 
This behavior is shown in Fig. 15.6. 

A variety of fuel cells are being investigated for use in stationary as well as mobile 
power plants. The low-temperaturefuel cells use hydrogen as the fuel, whereas the higher- 
temperature cells can use methane and carbon monoxide that are then internally reformed 
into hydrogen and carbon dioxide. The most important fuel cells are listed in Table 15.4 
with their main characteristics. 

The low-temperaturefuel cellsarevery sensitive to being poisoned by carbon monox- 
i de gas so they requi re an external reformer and purifier to del iver hydrogen gas. T he higher- 
temperature fuel cells can reform natural gas, mainly methane, but also ethane and propane, 
as shown in Table 15.2, into hydrogen gas and carbon monoxide inside the cell. The latest 
research is being done with gasified coal as a fuel and operating the cell at higher pressures 
like 15 atm. As the fuel cell has exhaust gas with a small amount of fuel in it, additional 
combustion can occur and then combine the fuel cell with a gas turbine or steam power 
plant to utilize the exhaust gas energy. These combined-cycle power plants strive to have 
an efficiency of up to 60%. 


TABLE 15.4 

F uel C ell Types 


Fuel Cell 

PEC 

PAC 

MCC 

SOC 


Polymer 

E lectrolyte 

Phosphoric 

Acid 

Molten 

C arbonate 

Solid 

Oxide 

T 

80°C 

200°C 

650°C 

900°C 

Fuel 

H ydrogen, H 2 

FI ydrogen, H 2 

CO, hydrogen 

Natural gas 

Carrier 

H + 

H + 

COp 

o— 

Charge, n e 

2e _ per FI 2 

2e _ per FI 2 

2e _ per FI 2 

2e~ per CO 

8e _ per C FI 4 

Catalyst 

Pt 

Pt 

Ni 

Zr0 2 

Poison 

CO 

CO 
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FIGURE 15.7 Simple 
model result from Eq. 

1 5.29 for a low- 
temperature PEC cell 
and a high-temperature 
SOC cell. 




A model can be developed for the various processes that occur in a fuel cell to predict 
the performance. From the thermodynamic analysis, wefound the theoretical voltage created 
by the process as the EM F from the Gibbs function. At both electrodes, there are activation 
losses that lower the voltage and a leak current /| ea k that does not go through the cell. The 
electrolyte or membrane of the cel I has an ohmic resistance, A SR 0 hmic, to the ion transfer and 
thus also produces a loss. Finally, at high currents, there is a significant cell concentration 
loss that depletes one electrode for reactants and at the other electrode generates a high 
concentration of products, both of which increase the loss of voltage across the electrodes. 
The output voltage, 1/ , generated by a fuel cell becomes 

1/ = EMF-i>ln(^±M > )-/ ASR ohmic -cln 7 ? L . (15.29) 

\ 1 0 / I L v "T f leak) 

where/' is current density [amp/cm 2 ], ASR 0 hmic is the resistance [ohm cm 2 ] and b and c are 
cell constants [volts], the current densities i 0 is a reference, and i L is the limit. 

Two examples of this equation are shown in Fig. 15.7, where for the PEC (Polymer 
Electrolyte Cell) cell activation losses are high due to the low temperature and ohmic losses 
tend to be low. J ust the opposite is the case for the high-temperature SOC (Solid Oxide 
Cell) cell. As the current density increases toward the limit, the voltage drops sharply in 
both cases, and if the power per unit area (Vi) were shown, it would have a maximum in the 
middle range of current density. 

This result resembles that of a heat engine with heat exchangers of a given size. As the 
power output is increased, the higher heat transfer requires a larger temperature difference, 
(recall Eqs.7.14-7.16), which in turn lowers the temperature difference across the heat 
engine and causes it to operate with lower efficiency. 


In-Text Concept Questions 

i. Is the irreversibility in a combustion process significant? Explain your answer. 

j. If the air-fuel ratio is larger than stoichiometric, is it more or less reversible? 

k. What makes the fuel cell attractive from a power-generating point of view? 


15.10 


ENGINEERING APPLICATIONS 


Combustion is applied in many cases where energy is needed in the form of heat or work. 
We use a natural gas stove, water heater or furnace or a propane burner for soldering, or 
the picnic grill, to mention a few domestic applicances with combustion that utilizes the 
heat. Lawn mowers, snow blowers, backup power generators, cars, and motor boats are all 
domestic applications where the work term is the primary output driven by a combustion 
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process using gasoline or diesel oil as the fuel. On a larger scale, newer power plants use 
natural gas(methane) in gas turbines, and older plants useoil or coal as the primary fuel in 
the boiler-steam generator. J et engines and rockets use combustion to generate high-speed 
flows for the motion of the airplane or rocket. 

M ost of the heat engines described in Chapter 7, and with simple models as cycles in 
Chapters 11 and 12, have the high-temperature heat transfer generated from a combustion 
process. It is thus not a heat transfer but an energy conversion process changing from the 
reactants to the much higher-temperature products of combustion. For the Rankine and 
Stirling cycles the combustion is external to the cycle, whereas in the internal combustion 
engines, as in the gasoline and diesel engines, combustion takes place in the working 
substance of the cycle. 

1 n external combustion the products deliver energy to the cycle by heat transfer, which 
cools the products, so it is never a constant temperature source of energy. The combustion 
takes place in a steady flow arrangement with careful monitoring of the air-fuel mixture, 
including safety and pollution control aspects. In internal combustion the Brayton cycle, 
as the model of a gas turbine, is a steady flow arrangement, and thegasoline/diesel engines 
are piston/cylinder engines with intermittent combustion. The latter process is somewhat 
difficult to control, as it involves a transient process. 

A number of different parameters can be defined for evaluating the performance 
of an actual combustion process, depending on the nature of the process and the system 
considered. In the combustion chamber of a gas turbine, for example, the objective is to 
raise the temperature of the products to a given temperature (usually the maximum temper- 
ature the metals in the turbine can withstand). If we had a combustion process that achieved 
complete combustion and that was adiabatic, the temperature of the products would be the 
adiabatic flame temperature. Let us designate the fuel-air ratio needed to reach a given 
temperature under these conditions as the ideal fuel-air ratio. In the actual combustion 
chamber, the combustion will be incomplete to some extent, and there will be some heat 
transfer to the surroundings. Therefore, more fuel will be required to reach the given tem- 
perature, and this we designate as the actual fuel-air ratio. The combustion efficiency, 
^comb: is defined here as 


T/comb — 


F A ideal 
F A actual 


(15.30) 


0 n the other hand, in thefurnaceof a steam generator (boiler), the purpose is to transfer 
the maximum possible amount of heat to the steam (water), in practice, the efficiency of a 
steam generator i s defi ned as the rati o of the heat transferred to the steam to the hi gher heati ng 
value of the fuel. For a coal this is the heating value as measured in a bomb calorimeter, 
which is the constant-volume heating value, and it corresponds to the internal energy of 
combustion. We observe a minor inconsistency, since the boiler involves a flow process, 
and the change in enthalpy is the significant factor. In most cases, however, the error thus 
introduced is less than the experimental error involved in measuring the heating value, and 
the efficiency of a steam generator is defined by the relation 


heat transferred to steam/kg fuel 
'/steam generator higher heati ng val ue of the fuel 


(15.31) 


Often the combustion of a fuel uses atmospheric air as the oxidizer, in which case the 
reactants also hold some water vapor. Assuming we know the humidity ratio for the moist 
air, co, we would like to know the composition of air per mole of oxygen as 


1 0 2 + 3.76 N 2 + xH 2 0 
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Since the humidity ratio is, u> = m v /m d , the number of moles of water is 

m v wm a M a 

nv ~J^~1^7~ cona J^ 

and the number of moles of dry air per mole of oxygen is (1 + 3.76)/l, so we get 

x = — — — = £1)4.76^-^- = 7.655ct> (15.32) 

n oxygen M y 


This amount of water is found in the products together with the water produced by the 
oxidation of the hydrogen in the fuel. 

I nan internal-combustion enginethepurposeisto do work. Thelogical way to evaluate 
the performance of an internal-combustion engine would be to compare the actual work 
done to the maximum work that would be done by a reversible change of state from the 
reactants to the products. This, as we noted previously, is called the second-law efficiency. 

In practice, however, the efficiency of an internal-combustion engine is defined as the 
ratio of the actual work to the negative of the enthalpy of combustion of the fuel (that is, 
the constant-pressure heating value). This ratio is usually called the thermal efficiency, % hi 

w w 

m = -r— = v—n r- (15.33) 

-h RPo heating value 


When Eq. 15.33 is applied, the same scaling for the work and heating value must be used. 
So, if the heating value is per kg (kmol) fuel, then the work is per kg (kmol) fuel. For 
the work and heat transfer in the cycle analysis, we used the specific values as per kg of 
working substance, wherefor constant pressure combustion wehavehp = h R +q H . Since 
the heating value is per kg fuel and q H is per kg mixture, we have 


ftTot — ^ fuel + f^air — ^ fuel ( 1 ~F A F mass) 


and thus 


Qh 


H 1/ 

A F mass + 1 


(15.34) 


where a scaling of the HV and4F on a mass basis must be used. 

The overall efficiency of a gas turbine or steam power plant is defined in the same 
way. It should be pointed out that in an internal-combustion engine or fuel-burning steam 
power plant, the fact that the combustion is itself irreversible is a significant factor in the 
relatively low thermal efficiency of these devices. 

One other factor should be pointed out regarding efficiency. We have noted that the 
enthal py of combustion of a hydrocarbon fuel varies considerably with the phase of the water 
in the products, which leads to the concept of higher and lower heating values. Therefore, 
when we consider the thermal efficiency of an engine, the heating value used to determine 
this efficiency must be borne in mind. Two engines made by different manufacturers may 
have identical performance, but if one manufacturer bases his or her efficiency on the higher 
heating value and the other on the lower heating value, the latter will be able to claim a 
higher thermal efficiency. This claim is not significant, of course, as the performance is the 
same; this would be revealed by consideration of how the efficiency was defined. 

The whole matter of the efficiencies of devices that undergo combustion processes is 
treated in detail in textbooks dealing with particular applications; ourdiscussion is intended 
only as an introduction to the subject. Two examples are given, however, to illustrate these 
remarks. 
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EXAMPLE 15.16 


The combustion chamber of a gas turbine uses a liquid hydrocarbon fuel that 
has an approximate composition of C sH is. During testing, the following data are 
obtained: 

T air = 400 K T products = 1100 K 

Vair = 100 m/S Vproducts = 150 m/S 

T fuel = 50°C PA actual = 0.0211 kg fuel/kg air 


Calculate the combustion efficiency for this process. 


Control volume 
Inlet states 
Exit state 
Model 


Combustion chamber. 

T known for air and fuel. 

T known. 

Airand products— ideal gas, TableA.9. Fuel— TableA.10. 


Analysis 

For the ideal chemical reaction the heat transfer is zero. Therefore, writing the first law 
for a control volume that includes the combustion chamber, we have 


H r +KE r = Hp +KE 


H r + KE R — rij (h f + Ah -f — - — 


rl— 0 7^ 


— [fi f + C P (50 - 25)] CaHia(() + no 2 1 Ah + 


^ M V' 


3.76 no,( Ah 


r MV' 


Hp + KEp = Y^ n e(h°f + Ah + 


rX) r MV 


= 8 /i f + Ah 


+ 9 1 h° f + Ah + 


r MV' 


co 2 


h 2 o 


(n 02 - 12.5) Ah 


r MV' 


3.76/To 2 I Ah 


^ MV' 
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EXAMPLE 15.17 


Solution 


Therefore, 


H r +KE r = -250 105 + 2.23 x 114.23(50 - 25) 

32 x (100) 2 ^ 


-n 0 . 


3034 


3.76 ri c 


2971 


2 x 1000 

28.02 x (100) 2 


2 x 1000 


= -243 737 + 14 892/io 2 


H P +KE P = 8 


-393 522 + 38 891 


-241 826 + 30 147 


■ (no, - 12.5) 


26 218 


44.01 x (150) 2 
2 x 1000 

18.02 x (150) 2 

f 2 x 1000 

32 x (150) 2 


■3.7 n 0 . 


24 758- 


2 x 1000 
28.02 x (150) 2 


2 x 1000 


= —5 068 599 + 120 853dq 2 


-243 737 + 14 892n 02 = -5 068 599 + 120 853n 02 
n o 2 = 45.53 kmol 0 2 /kmol fuel 
kmol air/kmol fuel 4.76(45.53) = 216.72 


F A jd e a| — 


*?comb 


114.23 


216.72 x 28.97 
0.0182 


= 0.0182 kg fuel/kg air 


0.0211 


x 100 = 86.2 precent 


In a certain steam power plant, 325 000 kg of water per hour enters the boiler at a pressure 
of 10 M Pa and a temperature of 200°C. Steam leaves the boiler at 8 M Pa, 500°C. The 
power output of the turbine is 81 000 kW. Coal is used at the rate of 26 700 kg/h and has 
a higher heating value of 33 250 kj/kg. Determine the efficiency of the steam generator 
and the overall thermal efficiency of the plant. 

In power plants, the efficiency of the boiler and the overall efficiency of the plant 
are based on the higher heating valueof the fuel. 


656 ■ CHAPTER FIFTEEN CHEMICAL REACTIONS 



Solution 

The efficiency of the boiler is defined by Eq. 15.31 as 

heat transferred to H 2 0 /kg fuel 
team generator- higher heating value 

Therefore, 

325 000(3398.3 - 856.0) 1An 
team generator - 26 1QQ x 33 25Q X 100 - 93.1 /o 

The thermal efficiency is defined by Eq. 15.33, 

w 81000 x 3600 

,,th heating value 26 700 x 33 250 X 

SUMMARY 

An introduction to combustion of hydrocarbon fuels and chemical reactions in general is 
given. A simple oxidation of a hydrocarbon fuel with pure oxygen or air burns the hydrogen 
to water and the carbon to carbon dioxide. We apply the continuity equation for each kind 
of atom to balance the stoichiometric coefficients of the species in the reactants and the 

products. The reactant mixture composition is described by the air fuel ratio on a mass or 
mole basis or by the percent theoretical air or equivalence ratio according to the practice 
of the particular area of use. The products of a given fuel for a stoichiometric mixture 
and complete combustion are unique, whereas actual combustion can lead to incomplete 
combustion and more complex products described by measurements on a dry or vet basis. 
As water is part of the products, they have a dew point, so it is possible to see water 
condensing out from the products as they are cooled. 

D ue to the chemical changes from the reactants to the products, we need to measure 
energy from an absolute reference. Chemically pure substances (not compounds like carbon 
monoxide) in their ground state (graphitefor carbon, not diamond form) are assigned a value 
of 0 for the formation enthalpy at the reference temperature and pressure (25°C, 100 kPa). 
Stable compounds have a negative formation enthalpy and unstable compounds have a 
positive formation enthalpy. The shift in the enthalpy from the reactants to the products is 
the enthalpy of combustion, which is also the negative of the heating value HV. When a 
combustion process takes place without any heat transfer, the resulting product temperature 
is the adiabatic flame temperature. The enthalpy of combustion, the heating value (lower or 
higher), and the adiabatic flame temperature depend on the mixture (fuel and air-fuel ratio), 
and the reactants supply temperature. W hen a single unique number for these properties is 
used, it is understood to be for a stoichiometric mixture at the reference conditions. 

Similarly to enthalpy, an absolute value of entropy is needed for the application of 
the second law. The absolute entropy is zero for a perfect crystal at 0 K, which is the 
third law of thermodynamics. The combustion process is an irreversible process; thus, 
a loss of availability (exergy) is associated with it. This irreversibility is increased by 
mixtures different from stoichiometric mixture and by dilution of theoxygen (i.e., nitrogen 
in air), which lowers the adiabatic flame temperature. From the concept of flow exergy we 
apply the second law to find the reversible work given by the change in Gibbs function. 
A process that has less irreversibility than combustion at high temperature is the chemical 
conversion in a fuel cell, where we approach a chemical equilibrium process (covered in 
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detail in the foil owing chapter). H ere the energy release is directly converted into electrical 
power output, a system under intense study and development for future energy conversion 
systems. 

You should have learned a number of skills and acquired abilities from studying this 
chapter that will allow you to: 

• Write the combustion equation for the stoichiometric reaction of any fuel. 

• Balance the stoichiometric coefficients for a reaction with a set of products measured 
on a dry basis. 

• Handle the combustion of fuel mixtures as well as moist air oxidizers. 

• Apply the energy equation with absolute values of enthalpy or internal energy. 

• Use the proper tables for high-temperature products. 

• Deal with condensation of water in low-temperature products of combustion. 

• Calculate the adiabatic flame temperature for a given set of reactants. 

• Know the difference between enthalpy of formation and enthalpy of combustion. 

• Know the definition of the higher and lower heating values. 

• Apply the second law to a combustion problem and find irreversibilities. 

• Calculate the change in Gibbs function and the reversible work. 

• Know how a fuel cell operates and how to find its electrical potential. 

• Know some basic definition of combustion efficiencies. 


KEY CONCEPTS 
AND FORMULAS 


Reaction 

Stoichiometric ratio 
Stoichiometric coefficients 
Stoichiometric reaction 


Air-fuel ratio 

Equivalence ratio 

Enthalpy of formation 
Enthalpy of combustion 
Heating value HV 
Int. energy of combustion 
A diabatic flame temperature 
Reversible work 

Gibbs function 
Irreversibility 


fuel + oxidizer products 

hydrocarbon + air =>• carbon dioxide + water + nitrogen 

N o excess fuel , no excess oxygen 

Factors to balance atoms between reactants and products 


C x H y + Vo 2 (0 2 + 3.76 N 2 ) 

=> Vco 2 CO 2 + Vh 2 o H 2 0 + Vn 2 N 2 
v'o 2 = x + y/4; v C02 = x; v H2 o = y/2; v N2 = 3.76v 02 

A F mass 


■ . _ M air 

— f'l mole - ; 


fflfuel 


M 


fuel 


FA AF S 

<t> = = — - 

FA S AF 

h° fl zero for chemically pure substance, ground state 
h rp = Fi p — FI r 
H V = -h RP 

u RP = U P - U R = h R p - RT (rip - n R ) if ideal gases 
FI P = H R if flow; Up = U R if constant volume 
1/1/ rev = G r - G P = - AG = -(AH -T AS) 

This requires that any Q is transferred at the local T 
G = H -TS 

i =W™ -W = ToSgen/m = ToSgen 

r = r rev - W = ToSgen/n = T 0 Sgen for 1 kmol fuel 
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CONCEPT-STUDY GUIDE PROBLEMS 

15.1 Is mass conserved in combustion? Is the number of 
moles constant? 

15.2 Does all combustion take place with air? 

15.3 Why would I sometimes need an air-fuel ratio on 
a mole basis? on a mass basis? 

15.4 W hy is there no significant difference between the 
number of moles of reactants and the number of 
products in combustion of hydrocarbon fuels with 
air? 

15.5 W hy are products measured on a dry basis? 

15.6 What is the dew point of hydrogen burned with 
stoichiometric pure oxygen? With air? 

15.7 How does the dew point change as equivalence ratio 
goes from 0.9 to 1 to 1.1? 

15.8 Why does combustion contribute to global warm- 
ing? 

15.9 What is the enthalpy of formation for oxygen as 
O 2 ? If 0? For carbon dioxide? 


15.10 I f the ni trogen content of ai r can be I owered, w i 1 1 the 
adiabatic flame temperature increase or decrease? 

15.11 Does the enthalpy of combustion depend on the 
air-fuel ratio? 

15.12 W hy do some fuels not have entries for liquid fuel 
in Table 15.3? 

15.13 Isa heating value a fixed number for a fuel? 

15.14 Is an adiabatic flame temperature a fixed number 
for a fuel? 

15.15 D oes it make a difference for the enthal py of com- 
bustion whether I burn with pure oxygen or air? 
W hat about the adiabatic flame temperature? 

15.16 A welder uses a bottle with acetylene and a bottle 
with oxygen. Why should he use the oxygen bottle 
instead of air? 

15.17 Somegaswelding isdoneusing bottlesof fuel, oxy- 
gen, and argon. W hy do you think argon is used? 

15.18 Is combustion a reversible process? 


HOMEWORK PROBLEMS 

F uels and the C ombustion Process 

15.19 I n a picnic grill, gaseous propane is fed to a burner 
together with stoichiometric air. Find the air-fuel 
ratio on a mass basis and the total reactant mass 
for 1 kg of propane burned. 

15.20 Calculate the theoretical air-fuel ratio on a mass 
and mole basis for the combustion of ethanol, 
C2H5OH. 

15.21 A certain fuel oil has the composition CioH 22 . If 
thisfuel is burned with 150% theoretical air, what 
is the composition of the products of combustion? 

15.22 M ethane is burned with 200% theoretical air. Find 
thecomposition andthedew point of the products. 

15.23 Natural gasB from Table 15.2 is burned with 20% 
excess ai r. D etermi ne the com posi ti on of the prod- 
ucts. 

15.24 For complete stoichiometric combustion of gaso- 
line, C7H17, determine the fuel molecular weight, 
the combustion products, and the mass of carbon 
dioxide produced per kilogram of fuel burned. 

15.25 A Pennsylvania coal contains 74.2% C, 5.1% H, 
6.7% 0 (dry basis, mass percent) plus ash and 


small percentages of N and S. This coal isfedinto 
a gasifier along with oxygen and steam, as shown 
in Fig. P15.25. The exiting product gas composi- 
tion is measured on a mole basis to: 39.9% CO, 
30.8% H 2 , 11.4% C0 2 , 16.4% H 2 0 plus small 
percentages of CH 4, N 2 , and H 2 S. How many kilo- 
grams of coal are required to produce 100 kmol 
of product gas? How much oxygen and steam are 
required? 


Oxygen 

Steam 

Gasifier 

Product gas 

Coal 



1 

FIGURE PI 5.25 



15.26 Liquid propane is burned with dry air. A volumet- 
ric analysis of the products of combustion yields 
the following volume percent composition on a 
dry basis: 8.6% C0 2 , 0.6% CO, 7.2% 0 2 , and 
83.6% N 2 . Determine the percent of theoretical 
air used in this combustion process. 
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15.27 I n a combustion process with decane, C i 0 H 22 , and 
air, the dry product mole fractions are 83.61% N 2 , 
4.91% 0 2 , 10.56% C0 2 , and 0.92% CO. Find the 
equivalence ratio and the percent theoretical air of 
the reactants. 

15.28 A sample of pine bark has the following ultimate 
analysis on a dry basis, percent by mass: 5.6% H , 
53.4% C, 0.1% S, 0.1% N, 37.9% 0, and 2.9% 
ash. This bark will be used as a fuel by burning it 
with 100% theoretical air in a furnace. Determine 
the air-fuel ratio on a mass basis. 

15.29 M ethanol, C H 3 0 H , is burned with 200% theoret- 
ical air in an engine, and the products are brought 
to 100 kPa, 30°C . H ow much water is condensed 
per kilogram of fuel? 

15.30 Thecoal gasifier i n an integrated gasification com- 
bined cycle (IGCC) power plant produces a gas 
mixture with the following volumetric percent 
composition: 


Product 

CPU 

h 2 

CO 

C0 2 

n 2 

H 2 0 

H 2 S 

N H 3 

% vol. 

0.3 

29.6 

41.0 

10.0 

0.8 

17.0 

1.1 

0.2 


This gas is cooled to 40°C, 3 M Pa, and the H 2 S 
and N H 3 are removed i n water scrubbers. A ssum- 
ing that the resulting mixture, which is sent to the 
co m b u sto rs, i s satu rated w i th w ater, d eterm i n e th e 
mixture composition and the theoretical air-fuel 
ratio in the combustors. 

15.31 Butane is burned with dry air at 40°C, 100 kPa, 
with AF = 26 on a mass basis. For complete com- 
bustion, find the equivalence ratio, the percentage 
of theoretical air, and the dew point of the prod- 
ucts. Flow much water (kg/kg fuel) is condensed 
out, if any, when the products are cooled down to 
ambient temperature, 40°C? 

15.32 T he output gas mixture of a certai n ai r- bl ow n coal 
gasifier has the composition of producer gas as 
listed in Table 15.2. Consider the combustion of 
this gas with 120% theoretical air at 100 kPa pres- 
sure. Determine the dew point of the products and 
find how many kilograms of water will be con- 
densed per kilogram of fuel if the products are 
cooled 10°C below the dew-point temperature. 

15.33 The hot exhaust gas from an internal -combustion 
engine is analyzed and found to have the follow- 
ing percent composition on a volumetric basis at 


the engine exhaust manifold: 10% CO 2 , 2% CO, 
13% H 2 0, 3% O 2 , and 72% N 2 . This gas is fed to 
an exhaust gas reactor and mixed with a certain 
amount of air to eliminate the CO, as shown in 
Fig. P15.33. It has been determined that a mole 
fraction of 10% O 2 in the mixture at state 3 will 
ensure that no CO remains. What must be the ratio 
of flows entering the reactor? 

Exhaust gas 


© 

Air 


© 

FIGURE PI 5. 

E nergy E quation, E nthalpy of Formation 

15.34 H ydrogen is burned with stoichiometric air in a 
steady-flow process where the reactants are sup- 
plied at 100 kPa, 298 K . The products are cooled 
to 800 K i n a heat exchanger. F i nd the heat transfer 
per kmol hydrogen. 

15.35 Butane gas and 200% theoretical air, bothat25°C, 
enter a steady-flow combustor. The products of 
combustion exit at 1000 K. Calculate the heat 
transfer from the combustor per kmol of butane 
burned. 

15.36 One alternative to using petroleum or natural gas 
asfuels is ethanol (C 2 FI 5 OFI), which iscommonly 
produced from grain by fermentation. Consider 
a combustion process in which liquid ethanol is 
burned with 120 % theoretical air in a steady-flow 
process. The reactants enterthecombustion cham- 
ber at 25°C, and the products exit at 60°C, 100 
kPa. Calculate the heat transfer per kilomole of 
ethanol. 

15.37 Do the previous problem with the ethanol fuel de- 
livered as a vapor. 

15.38 Liquid methanol isburnedwithstoichiometricair, 
both supplied atP 0 , T 0 in a constant- pressure pro- 
cess, and the products exit a heat exchanger at 900 
K . Find the heat transfer per kmol fuel. 

15.39 Another alternative fuel to be seriously consid- 
ered is hydrogen. It can be produced from water by 
various techniques that are under extensive study. 
Its biggest problems at the present time are cost, 



Exhaust out 


33 
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storage, and safety. Repeat Problem 15.36 using 
hydrogen gas as the fuel i nstead of ethanol . 

15.40 The combustion of heptane, C 7 Hi6, takes place in 
a steady-flow burner where fuel and air are added 
as gases at P 0 , T 0 . The mixture has 125% theo- 
retical air, and the products pass through a heat 
exchanger, where they are cooled to 600 K . Find 
the heat transfer from the heat exchanger per kmol 
of heptane burned. 

15.41 In a new high-efficiency furnace, natural gas, as- 
sumed to be 90% methane and 10% ethane (by 
volume) and 110% theoretical air each enter at 
25°C, 100 kPa, and the products (assumed to be 
100% gaseous) exit the furnace at 40°C , 100 kPa. 
What is the heat transfer for this process? Com- 
pare this to the performance of an older furnace 
where the products exit at 250°C, 100 kPa. 

15.42 Repeat the previous problem but take into account 
the actual phase behavior of the products exiting 
the furnace. 

15.43 Pentene, C5H10, is burned with pure O2 in a 
steady-flow process. T he products at one poi nt are 
brought to 700 K and used in a heat exchanger, 
where they are cooled to 25°C. Find the specific 
heat transfer in the heat exchanger. 

15.44 A rigid container has a 1:1 mole ratio of propane 
and butane gas together with a stoichiometric ra- 
tio of air at P 0, T 0 . The charge burns, and there 
is heat transfer to a final temperature of 1000 K . 
Find the final pressure and the heat transfer per 
kmol of fuel mixture. 

15.45 A rigid vessel initially contains 2 kmol of C and 
2 kmol of 0 2 at 25°C, 200 kPa. Combustion oc- 
curs, and the resulting products consist of 1 kmol 
of CO2, 1 kmol of CO, and excess 0 2 at a tem- 
perature of 1000 K . Determine the final pressure 
in the vessel and the heat transfer from the vessel 
during the process. 

15.46 A closed, insulated container is charged with a 
stoichiometric ratio of 0 2 and Fi 2 at 25°C and 
150 kPa. After combustion, liquid water at 25°C 
is sprayed in such that the final temperature is 
1200 K . W hat is the final pressure? 

15.47 In a gas turbine, natural gas (methane) and stoi- 
chiometric air flow into the combustion cham- 
ber at 1000 kPa, 500 K. Secondary air (see Fig. 
P15.84), also at 1000 kPa, 500 K, is added right 


after the combustion to result in a product mix- 
ture temperature of 1500 K . Find the air-fuel ratio 
mass basis for the primary reactant flow and the 
ratio of the secondary air to the primary air (mass 
flow rates ratio). 

15.48 Methane, C H 4 , is burned in a steady-flow adia- 
batic processwith two differentoxidizers: CaseA : 
PureC>2, and case B : A mixture of O2 + xAr. The 
reactants are supplied at T 0 , P 0 and the products 
for both cases should be at 1800 K . Find the re- 
quired equivalence ratio in caseA and theamount 
of argon, x, for a stoichiometric ratio in case B. 

15.49 Gaseous propane mixes with air, both supplied at 
500 K, 0.1 M Pa. The mixture goes into a combus- 
tion chamber, and products of combustion exit at 
1300 K , 0.1 M Pa. T he products analyzed on a dry 
basis are 11.42% C0 2 , 0.79% CO, 2.68% O2, and 
85.11% N 2 on a volume basis. Find the equiva- 
lence ratio and the heat transfer per kmol of fuel. 

E nthalpy of C ombustion and H eating Value 

15.50 Find the enthalpy of combustion and the heating 
valuefor pure carbon. 

15.51 Phenol has an entry in Table 15.3, but it does not 
have a corresponding value of the enthalpy of for- 
mation in Table A .10. Can you calculate it? 

15.52 Some type of wood can be characterized as 
C iH 1.5O0.7 with a lower heating value of 19 500 
kj/kg. Find itsformation enthalpy. 

15.53 Do Problem 15.36 using Table 15.3 instead of 
Table A .10 for the solution. 

15.54 Liquid pentane is burned with dry air, and the 
products are measured on a dry basis as 10.1% 
C0 2 , 0.2% CO, 5.9% 0 2 , and remainder N 2 . Find 
the enthalpy of formation for the fuel and the ac- 
tual equivalence ratio. 

15.55 Agriculturally derived butanol, C 4 H i 0 O, with a 
molecular mass of 74.12, also called biobutanol, 
hasa lower heating value! HV = 33 075 kj/kgfor 
liquid fuel. Find its formation enthalpy. 

15.56 Do Problem 15.38 using Table 15.3 instead of 
Table A .10 for the solution. 

15.57 Wet biomass waste from a food-processing plant 
is fed to a catalytic reactor, wherein a steady-flow 
process it is converted into a low-energy fuel gas 
suitableforfi ri ng the processi ng plant boi I ers. T he 
fuel gas has a composi ti on of 50% C FI 4 , 45% C O 2, 
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and 5% H2 on a volumetric basis. Determine the 
lower heating value of this fuel gas mixture per 
unit volume. 

15.58 D etermi ne the lower heati ng val ue of the gas gen- 
erated from coal, as described in Problem 15.30. 
Do not include the components removed by the 
water scrubbers. 

15.59 In a picnic grill, gaseous propane and stoichio- 
metric air are mixed and fed to a burner, both at 
P 0 ,T 0. After combustion, the products cool down 
and exit at 500 K. How much heat transfer was 
given out for 1 kg propane? 

15.60 Do Problem 15.40 using Table 15.3 instead of 
Table A .10 for the solution. 

15.61 Propylbenzene, CgH 12, is listed in Table 15.3 but 
not in Table A. 9. No molecular mass is listed in 
the book. Find the molecular mass, the enthalpy 
of formation for the liquid fuel, and the enthalpy 
of evaporation. 

15.62 Consider natural gasA i n T abl e 15. 2. Calculate the 
enthalpy of combustion at 25°C , assuming that the 
products include vapor water. Repeat the answer 
for liquid water in the products. 

15.63 Redo the previous problem for natural gas D in 
Table 15.3. 

15.64 Gaseous propane and stoichiometric air are mixed 
and fed to a burner, both at P 0 , T 0 . After combus- 
tion, the products eventually cool down to To. How 
much heat was transferred for 1 kg propane? 

15.65 Blast furnace gas in a steel mill is available at 
250°C to be burned for the generation of steam. 
The composition of this gas is as follows on a 
volumetric basis: 


Component 

ch 4 

H 2 CO 

co 2 n 2 h 2 o 

Percent by volume 

0.1 

2.4 23.3 

14.4 56.4 3.4 


Find the lower heating value (kj /m 3 ) of this gas at 
250°C and ambient pressure. 

15.66 A burnerreceivesamixtureoftwo fuels with mass 
fraction 40% n-butane and 60% methanol, both 
vapor. The fuel is burned with stoichiometric air. 
Find the product composition and the lower heat- 
ing value of this fuel mixture (kj /kg fuel mix). 

15.67 In an experiment, a 1:1 mole ratio propane and 
butane is burned in a steady-flow with stoichio- 


metric air. Both fuel sand air are supplied as gases 
at 298 K and 100 kPa. The products are cooled to 
1000 K as they give heat to some application. Find 
the lower heating value (per kg fuel mixture) and 
the total heat transfer for 1 kmol of fuel mixture 
used. 

15.68 Liquid nitromethane is added to the ai r i n a carbu- 
retor to makea stoichiometric mixture where both 
fuel and air are added at 298 K, 100 kPa. After 
combustion, a constant-pressure heat exchanger 
brings the products to 600 K before being ex- 
hausted. Assume the nitrogen in the fuel becomes 
N 2 gas. Find the total heat transfer per kmol fuel 
in the whole process. 

15.69 Natural gas, we assume methane, is burned with 
200% theoretical air, shown in Fig. P15.69, and 
the reactants are supplied as gases at the refer- 
ence temperature and pressure. The products are 
flowing through a heat exchanger, where they give 
off energy to some water flowing in at 20°C, 500 
kPa, and out at 700°C, 500 kPa. The products exit 
at 400 K to the chimney. How much energy per 
kmolefuel can the products deliver, and how many 
kilograms of water per kilogram of fuel can they 
heat? 



FIGURE PI 5.69 

15.70 A n isobaric combustion process receives gaseous 
benzene, C 6 H 6 , and air in a stoichiometric ratio at 
P 0, T 0 . To limit the product temperature to 2000 
K, liquid water is sprayed in after thecombustion. 
Find the number of kmol of liquid water added per 
kmol of fuel and the dew point of the combined 
products. 

15.71 Gasoline, C 7 H 17, is burned in a steady-state 
burner with stoichiometric air at P 0 , T 0 , shown 
in Fig. P 15.71. The gasoline is flowing as a liq- 
uid at T 0 to a carburetor, where it is mixed with 
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air to produce a fuel air-gas mixture at T 0 . The 
carburetor takes some heat transfer from the hot 
products to do the heating. After the combustion, 
the products go through a heat exchanger, which 
they leave at 600 K. The gasoline consumption is 
10 kg/h. How much power is given out in the heat 
exchanger, and how much power does the carbu- 
retor need? 



FIGURE PI 5.71 


Adiabatic Flame Temperature 

15.72 In a rocket, hydrogen is burned with air, both 
reactants supplied as gases at P 0 , T 0 . The com- 
bustion is adiabatic, and the mixture is stoichio- 
metric (100% theoretical air). Find the products’ 
dew point and the adiabatic flame temperature 
(-2500 K). 

15.73 Hydrogen gas is burned with pure0 2 in a steady- 
flow burner, shown in Fig. P15.73, where both 
reactants are supplied in a stoichiometric ratio at 
the reference pressure and temperature. What is 
the adiabatic flame temperature? 



15.74 Some type of wood can be characterized as 
C 1 H 1 . 5 O 0.7 with a lower heating value of 19 500 
kj/kg. Find its adiabatic flame temperature when 
burned with stoichiometric air at 100 kPa, 298 K . 

15.75 Carbon is burned with air in a furnace with 150% 
theoretical air, and both reactants are supplied at 
the reference pressure and temperature. What is 
the adiabatic flame temperature? 


15.76 Hydrogen gas is burned with 200% theoretical air 
in a steady-flow burner where both reactants are 
supplied at the reference pressure and tempera- 
ture. W hat is the adiabatic flame temperature? 

15.77 What is the adiabatic flame temperature before the 
secondary air is added in Problem 15.47? 

15.78 Butane gas at 25°C is mixed with 150% theoret- 
ical air at 600 K and is burned in an adiabatic 
steady-flow combustor. What is the temperature 
of the products exiting the combustor? 

15.79 A gas turbine burns methane with 200% theoreti- 
cal air. The air and fuel come in through two sep- 
arate compressors bringing them from 100 kPa, 
298 K, to 1400 kPa, and after mixing they enter 
the combustion chamber at 600 K . Find the adi- 
abatic flame temperature using constant specific 
heat for the AH P terms. 

15.80 Extend the solution to the previous problem by 
using Table A .9 for the AH P terms. 

15.81 A stoichiometric mixture of benzene, C 6H 6, and 
air is mixed from the reactants flowing at 25°C, 
100 kPa. Find the adiabatic flame temperature. 
What is the error if constant-specific heat at T 0 
for the products from Table A .5 is used? 

15.82 A gas turbine burns natural gas (assume methane) 
where the ai r i s suppl ied to the combustor at 1000 
kPa, 500 K , and the fuel is at 298 K , 1000 kPa. 
What is the equivalence ratio and the percent 
theoretical air if the adiabatic flame temperature 
should be limited to 1800 K? 

15.83 Acetylenegasat25°C, 100 kPa, is fed to the head 
of a cutting torch. Calculate the adiabatic flame 
temperature if the acetylene is burned with 

a. 100% theoretical airat25°C. 

b. 100% theoretical oxygen at25°C. 

15.84 Liquid n-butane at To, is sprayed into a gas tur- 
bine, as in Fig. P15.84, with primary air flowing 
at 1.0 M Pa, 400 K, in a stoichiometric ratio. Af- 
ter complete combustion, the products are at the 


Air? 



FIGURE PI 5.84 
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adiabatic flame temperature, which istoo high, so 
secondary air at 1.0 M Pa, 400 K, is added, with 
the resulting mixture being at 1400 K . Show that 
Tad > 1400 K and find the ratio of secondary to 
primary airflow. 

15.85 Ethene, C 2 H 4 , burns with 150% theoretical air in 
a steady-flow, constant-pressure process with re- 
actants enteri ngatPo,T”o - Find the adi abatic flame 
temperature. 

15.86 Natural gas, we assume methane, is burned with 
200 % theoretical air, and the reactants are sup- 
plied as gases at the reference temperature and 
pressure. The products are flowing through a heat 
exchanger and then out the exhaust, as in Fig. 
P15.86. What is the adiabatic flame temperature 
right after combustion before the heat exchanger? 


Exhaust 






\ 

Air 






— 1— ► 

r— — - 








ch 4 
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15.87 Solid carbon is burned with stoichiometric air in 
asteady-flow process. The reactants at T 0 , Po are 
heated i n a preheater to T 2 = 500 K , as show n i n 
Fig. P15.87, with the energy given by the product 
gases before flowing to a second heat exchanger, 
which they leave at To. Find the temperature of 
the products T 4 and the heat transfer per kmol of 
fuel (4 to 5) in the second heat exchanger. 



- Q 


15.88 Liquid butane at 25°C is mixed with 150% theo- 
retical air at 600 K and is burned in a steady-flow 
burner. U se the enthalpy of combustion from Ta- 
ble 15.3 to find the adiabatic flame temperature 
out of the burner. 

15.89 Gaseous ethanol, C 2 H 5 OH, is burned with pure 
oxygen in a constant-volume combustion bomb. 
The reactants are charged in a stoichiometric ratio 
at the reference condition. Assume no heat trans- 
fer and find the final temperature (>5000 K ). 

15.90 The enthalpy of formation of magnesium oxide, 
M gO(s), is -601 827 kj /kmol at 25°C. The melt- 
ing point of magnesium oxide is approximately 
3000 K, and the increase in enthalpy between 298 
and 3000 K is 128 449 kj /kmol . The enthalpy of 
sublimation at 3000 K is estimated at 418 000 
kj/kmol, and the specific heat of magnesium ox- 
ide vapor above 3000 K is estimated at 37.24 
kj/kmol K . 

a. Determine the enthalpy of combustion per kilo- 
gram of magnesium. 

b. Esti mate the adiabatic flame tern peratu re w hen 
magnesium is burned with theoretical oxygen. 


Second L aw for the C ombustion Process 

15.91 Consider the combustion of hydrogen with pure 
O 2 in a stoichiometric ratio under steady-flow adi- 
abatic conditions. The reactants enter separately 
at 298 K, 100 kPa, and the product(s) exit at a 
pressure of 100 kPa. Whatistheexittemperature, 
and what is the irreversibility? 

15.92 Consider the combustion of methanol, CH 3 OH, 
with 25% excess air. The combustion products 
are passed through a heat exchanger and exit at 
200 kPa, 400 K. Calculate the absolute entropy of 
the products exiting the heat exchanger assuming 
all the water is vapor. 

15.93 Two kilomolesof ammonia are burned in a steady- 
flow processwithxkmol of oxygen. The products, 
consisting of H 2 0, N 2 , and theexcess0 2 , exit at 
200°C, 7 M Pa. 

a. Calculate x if half the H 2 0 in the products is 
condensed. 

b. Calculate the absolute entropy of the products 
at the exit conditions. 

15.94 Propene, C 3 H 6 , is burned with air in asteady-flow 
burner with reactants at P 0 , To. The mixture is 
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lean, so the adiabatic flame temperature is 1800 K . 
Findtheentropy generation perkmol fuel, neglect- 
ing all the partial-pressure corrections. 

15.95 A flow of hydrogen gas is mixed with a flow of 
oxygen in a stoichiometric ratio, both at 298 K 
and 50 kPa. The mixture burns without any heat 
transfer in complete combustion. Find the adia- 
batic flame temperature and the amount of entropy 
generated per kmole hydrogen in the process. 

15.96 Calculate the irreversibility for the process de- 
scribed in Problem 15.45. 

15.97 Consider the combustion of methanol, C H 3 O H , 
with 25% excess air. The combustion products 
are passed through a heat exchanger and exit at 
200 kPa, 40°C. Calculate the absolute entropy of 
the products exiting the heat exchanger per kilo- 
mole of methanol burned, using proper amounts 
of liquid and vapor water. 

15.98 Graphite, C, at Po, T 0 is burned with air coming in 
atP 0 , 500 K, in a ratio so that the products exit at 
Po, 1200 K . Findtheequivalenceratio, thepercent 
theoretical air, and the total irreversibility. 

15.99 An inventor cl aims to have built a device that will 
take 0.001 kg/s of water from the faucet at 10 °C , 
100 kPa, and produce separate streams of hydro- 
gen and oxygen gas, each at 400 K , 175 kPa. It is 
stated that this device operates in a 25°C room on 
10-kW electrical power input. Flow do you evalu- 
ate this claim? 

15.100 H ydrogen peroxide, Pl 2 0 2 , enters a gas gener- 
ator at 25°C, 500 kPa, at the rate of 0.1 kg/s 
and is decomposed to steam and oxygen exiting 
at 800 K, 500 kPa. The resulting mixture is ex- 
panded through a turbine to atmospheric pressure, 
100 kPa, as shown in Fig. P 15.100. Determine the 



power output of the turbine and the heat transfer 
rate in the gas generator. The enthalpy of forma- 
tion of liquid H 2 0 2 is -187 583 kj/kmol. 

15.101 M ethane is burned with air, both of which are sup- 
plied at the reference conditions. There is enough 
excess air to give a flame temperature of 1800 K . 
What are the percent theoretical air and the irre- 
versibility in the process? 

15.102 Pentane gas at 25°C, 150 kPa, enters an insulated 
steady-flow combustion chamber. Sufficient ex- 
cess air to hold the combustion products tem- 
perature to 1800 K enters separately at 500 K, 
150 kPa. Calculate the percent theoretical air re- 
quired and the irreversibility of the process per 
kmol of pentane burned. 

15.103 A closed, rigid container is charged with propene, 
C 3 H 6 , and 150% theoretical air at 100 kPa, 298 
K .The mixture is ignited and burns with complete 
combustion. FI eat is transferred to a reservoir at 
500 K so the final temperature of the products is 
700 K. Find the final pressure, the heat transfer 
per kmol fuel, and the total entropy generated per 
kmol fuel in the process. 

Problems I nvolving G eneralized C harts 

or Real M ixtures 

15.104 A gas mixture of 50% ethane and 50% propane 
by volume enters a combustion chamber at 350 
K, 10 M Pa. Determine the enthalpy per kmole of 
this mixture relative to the thermochemical base 
of enthalpy using Kay’s rule. 

15.105 Liquid butane at 25°C is mixed with 150% the- 
oretical air at 600 K and is burned in an adia- 
batic steady-state combustor. Use the generalized 
charts for the liquid fuel and find the temperature 
of the products exiting the combustor. 

15.106 Repeat Problem 15.135, but assume that 
saturated-liquid oxygen at 90 K is used instead of 
25°C oxygen gas in the combustion process. Use 
the generalized charts to determine the properties 
of liquid oxygen. 

15.107 A mixture of 80% ethane and 20% methane on 
a mole basis is throttled from 10 MPa, 65°C, 
to 100 kPa and is fed to a combustion chamber, 

w, where it undergoes complete combustion with air, 
which enters at 100 kPa, 600 K . The amount of 
air is such that the products of combustion exit at 
100 kPa, 1200 K. Assume that the combustion 
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process is adiabatic and that all components be- 
have as ideal gases except the fuel mixture, which 
behaves according to the generalized charts, with 
Kay’s rule for the pseudocritical constants. De- 
termine the percentage of theoretical air used in 
the process and the dew-point temperature of the 
products. 

15.108 Saturated liquid butane enters an insulated 
constant-pressure combustion chamber at 25°C, 
and x times theoretical oxygen gas enters at the 
same P and T . The combustion products exit at 
3400 K . With complete combustion, find x. What 
is the pressure at the chamber exit? What is the 
irreversibility of the process? 

15.109 Liquid hexane enters a combustion chamber at 
31°C, 200 kPa, at the rate of 1 kmol/s; 200% the- 
oretical air enters separately at 500 K, 200 kPa. 
The combustion products exit at 1000 K, 200 kPa. 
The specific heat of ideal-gas hexane is C p0 = 143 
kj/kmol K. Calculate the rate of irreversibility of 
the process. 

Fuel Cells 

15.110 In Example 15.16, a basic hydrogen- oxygen fuel 
cell reaction was analyzed at25°C, 100 kPa. Re- 
peat this calculation, assuming that the fuel cell 
operates on air at 25°C, 100 kPa, instead of on 
pure oxygen at this state. 

15.111 Assume that the basic hydrogen-oxygen fuel cell 
operates at 600 K instead of 298 K, as in Example 
15.16. Find the change in the Gibbs function and 
the reversible EM F it can generate. 

15.112 For a PEC fuel cell operating at 350 K, the 
constants in Eq.15.29 are: /| eak = 0.01, i L = 2, 
/ o = 0.013 all A/cm 2 , b = 0.08 V, c = 0.1 V, 
ASR = 0.01 L2 cm 2 , and EM F = 1.22 V. Find 
the voltage and the power density for the current 
density i = 0.25, 0.75 and 1.0 A/cm 2 . 

15.113 Assume the PEC fuel cell in the previous prob- 
lem. Flow large an area does the fuel cell have to 
deliver 1 kW with a current density of 1 A/cm 2 ? 

15.114 Consider a methane- oxygen fuel cell in which the 
reaction at the anode is 

CH 4 + 2H 2 0 -* C0 2 + 8e- + 8H + 

The electrons produced by the reaction flow 
through the external load, andthepositiveionsmi- 
grate through the electrolyte to the cathode, where 


the reaction is 

8e^ + 8H+ + 20 2 -^4H 2 0 

Calculate the reversible work and the reversible 
EM F forthefuel cell operating at 25°C, 100 kPa. 

15.115 Redo the previous problem, but assume that the 
fuel cell operates at 1200 K instead of at room 
temperature. 

15.116 A SOC fuel cell at 900 K can be described by 
EM F = 1.06 V and the constants in Eq. 15.29 
as : b = 0 V, c = 0.1 V, ASR = 0.04 LI cm 2 , 
/'leak = 0.01, /'(. = 2, / o = 0.13 all A/cm 2 . Find 
the voltage and the power density for the current 
density / = 0.25, 0.75 and 1.0 A/cm 2 . 

15.117 Assume the SOC fuel cell in the previous prob- 
lem. Flow large an area does the fuel cell have to 
deliver 1 kW with a current density of 1 A/cm 2 ? 

15.118 A PEC fuel cell operating at 25°C generates 
1.0V thatalso accountfor losses. Foratotal power 
of 1 kW, what is the hydrogen mass flow rate? 

15.119 A basic hydrogen-oxygen fuel cell operates at 600 
K, instead of 298 K, as in Example 15.15. For a 
total power of 5 kW, find the hydrogen mass flow 
rate and the exergy in the exhaust flow. 

Combustion Applications and Efficiency 

15.120 For the combustion of methane, 150% theoretical 
air is used at25°C, 100 kPa, and relative humidity 
of 70%. Find the composition and dew point of 
the products. 

15.121 Pentane is burned with 120% theoretical air in a 
constant-pressure process at 100 kPa. The prod- 
ucts are cooled to ambient temperature, 20°C. 
Flow much mass of water is condensed per kilo- 
gram of fuel ? R epeat the answer, assumi ng that the 
air used in the combustion has a relative humidity 
of 90%. 

15.122 A gas turbine burns methane with 150% theoreti- 
cal air. Assume the air is 25°C, 100 kPa, and has a 
relative humidity of 80%. Flow large a fraction of 
the product mixture water comes from the moist 
inlet air? 

15.123 In an engine, a mixture of liquid octane and 
ethanol, mole ratio 9:1, and stoichiometric air are 
taken in at T 0 , Po- in the engine, the enthalpy of 
combustion is used so that 30% goes out as work, 
30% goes out as heat loss, and the rest goes out 
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the exhaust. Find the work and heat transfer per 
kilogram of fuel mixture and also the exhaust tem- 
perature. 

15.124 The gas turbine cycle in Problem 12.21 has q H 
= 960 kj/kg air added by combustion. Assume 
the fuel is methane gas and q H is from the heating 
value atTo. Findtheair-fuel ratio on a mass basis. 

15.125 A gas turbine burns methane with 200% theoreti- 
cal air. The air and fuel come in through two sep- 
arate compressors bringing them from 100 kPa, 
298 K, to 1400 kPa and enter a mixing chamber 
and a combustion chamber. W hat are the specific 
compressor work and q H to be used in Brayton 
cycle calculation? Use constant specific heat to 
solve the problem. 

15.126 Find the equivalent heat transfer q H to be used in 
a cycle calculati on for constant- pressure combus- 
tion when the fuel is (a) methane and (b) gaseous 
octane. I n both cases, use water vapor i n the prod- 
ucts and a stoichiometric mixture. 

15.127 Consider the steady-state combustion of propane 
at 25°C with air at 400 K. The products exit 
the combustion chamber at 1200 K . Assume that 
the combustion efficiency is 90% and that 95% 
of the carbon in the propane burns to form CO 2 ; 
the remaining 5% forms CO. Determine the ideal 
fuel-air ratio and the heat transfer from the com- 
bustion chamber. 

15.128 A gasoline engine is converted to run on propane 
as shown in Fig. P15.128. Assume the propane 
enters the engine at 25°C, at the rate of 40 kg/h. 
Only 90% theoretical air enters at 25°C, so 90% 
of the C burns to form CO 2 and 10% of the C 
burns to form CO. The combustion products, also 
including H 2 0, H 2 , and N 2 , exit the exhaust pipe 
at 1000 K . FI eat I oss from the engine (primarily to 
the cooling water) is 120 kW. What is the power 
output of the engine? What is the thermal effi- 
ciency? 
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15.129 A small air-cooled gasoline engine is tested, and 
the output is found to be 1.0 kW. The temperature 
of the products is measured as 600 K . The prod- 
ucts are analyzed on a dry volumetric basis, with 
the following result: 11.4% CO 2 , 2.9% CO, 1.6% 
0 2 , and 84.1% N 2 . Thefuel may be considered to 
be liquid octane. Thefuel and air enter the engine 
at 25°C, and the flow rate of fuel to the engine is 
1.5 x 10~ 4 kg/s. Determinetherateof heat trans- 
fer from the engine and its thermal efficiency. 

15.130 A gasoline engine usesliquid octane and air, both 
supplied atP 0 , T 0 , in a stoichiometric ratio. The 
products (complete combustion) flow out of the 
exhaust valve at 1100 K. Assume that the heat 
loss carried away by the cooling water, at 100°C, 
is equal to the work output. Find the efficiency 
of the engine expressed as (work/lower heating 
value) and the second- 1 aw efficiency. 

Review Problems 

15.131 Repeat Problem 15.25 fora certain Utah coal that 
contains, according to thecoal analysis, 68.2% C, 
4.8% FI, and 15.7% 0 on a mass basis. The ex- 
iting product gas contains 30.9% CO, 26.7% H 2 , 
15.9% CO 2 , and 25.7% H 2 0 on a mole basis. 

15.132 M any coals from the western U nited States have 
a high moisture content. Consider the following 
sample of Wyoming coal, for which the ultimate 
analysis on an as-received basis is, by mass: 


Component 

M oisture 

H 

C 

S 

N 

0 

Ash 

% mass 

28.9 

3.5 

48.6 

0.5 

0.7 

12.0 

5.8 


This coal is burned in the steam generator of a 
large power plant with 150% theoretical air. De- 
termine the air-fuel ratio on a mass basis. 

15.133 A fuel, C X H y , is burned with dry air, and the prod- 
uct composition is measured on a dry mole basis 
to be 9.6% CO 2 , 7.3% O 2 , and 83.1% N 2 ■ Find the 
fuel composition (x/y) and the percent theoretical 
air used. 

15.134 In an engine, liquid octaneand ethanol, mole ratio 
9:1, and stoichiometric air are taken in at 298 K, 
100 kPa. After complete combustion, the prod- 
ucts run out of the exhaust system, where they are 
cooled to 10°C. Find the dew point of the products 
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and the mass of water condensed per kilogram of 
fuel mixture. 

15.135 In a test of rocket propellant performance, liquid 
hydrazine (N 2 H 4 ) at 100 kPa, 25°C, and 0 2 gas 
at 100 kPa, 25°C, are fed to a combustion cham- 
ber in the ratio of 0.5 kg 0 2 /kg N 2 H 4 . The heat 
transfer from the chamber to the surroundings is 
estimated to be 100 kj/kg N 2 H 4 . Determine the 
temperature of the products exiting the chamber. 
Assume that only H 2 0, H 2 , and N 2 are present. 
The enthalpy of formation of liquid hydrazine is 
+50 417 kj/kmoi. 

15.136 Find the lower heating value for the fuel blend in 
Problem 15.134 with scaling as in Table 15.3. 

15.137 E85 is a liquid mixture of 85% ethanol and 15% 
gasoline (assume octane) by mass. Find the lower 
heating valueforthis blend. 

15.138 D etermi ne the hi gher heati ng val ue of the sampl e 
Wyoming coal as specified in Problem 15.132. 

15.139 Ethene, C 2 FH 4 , and propane, C 3 Fi 8 , in a 1:1 mole 
ratio as gases are burned with 120% theoretical 
air in a gas turbine. Fuel is added at 25°C, 1 M Pa, 
and the air comes from the atmosphere, at 25°C, 
100 kPa, through a compressor to 1 M Pa and is 
mixed with the fuel. The turbine work is such that 
the exit temperature is 800 K with an exitpressure 
of 100 kPa. Find the mixture temperature before 
combustion and the work, assuming an adiabatic 
turbine. 

15.140 A study is to be made using liquid ammonia as 
the fuel in a gas-turbine engine. Consider the 
compression and combustion processes of this 
engine. 

a. A i r enters the compressor at 100 kPa, 25°C , and 
is compressed to 1600 kPa, where the isentropic 
compressor efficiency is 87%. Determine the 
exit temperature and the work input per kmole. 

b. Two kilomoles of liquid ammonia at 25°C and 
x times theoretical air from the compressor en- 
ter the combustion chamber. What is x if the 
adiabatic flame temperature is to be fixed at 
1600 K? 

15.141 Consider the gas mixture fed to the combustors in 
the integrated gasification combined cycle power 
plant, as described in Problem 15.30. If the adia- 
batic flame temperature should belimitedto 1500 
K, what percent theoretical air should be used in 
the combustors? 


15.142 Carbon monoxide, CO, isburned with 150% theo- 
retical air, and both gases are supplied 'atl50kPa 
and 600 K . Find the reference enthalpy of reaction 
and the adiabatic flame temperature. 

15.143 A rigid container is charged with butene, C 4 Fi 8 , 
and air in a stoichiometric ratio at P o, To. The 
charge burns in a short time with no heat trans- 
fer to state 2. The products then cool with time 
to 1200 K, state 3. Find the final pressure, P 3 , 
the total heat transfer, iQ 3 , and the temperature 
immediately after combustion, T 2 . 

15.144 Natural gas (approximate it as methane) at a rate 
of 0.3 kg/s is burned with 250% theoretical air in 
a combustor at 1 M Pa where the reactants are sup- 
plied at T o. Steam at 1 M Pa, 450°C, at a rate of 
2.5 kg/s is added to the products before they en- 
ter an adiabatic turbine with an exhaust pressure 
of 150 kPa. Determine the turbine inlet tempera- 
ture and the turbine work, assuming the turbine is 
reversible. 

15.145 The turbine in Problem 15.139 is adiabatic. Is it 
reversible, irreversible, or impossible? 

15.146 Consider the combustion process described in 
Problem 15.107. 

a. Calculate the absolute entropy of the fuel mix- 
ture before it is throttled into the combustion 
chamber. 

b. Calculate the irreversibility for the overall 
process. 

15.147 Consider one cylinder of a spark-ignition, 
internal -combustion engine. Before the compres- 
sion stroke, the cylinder is filled with a mixtureof 
air and methane. Assume that 110% theoretical 
air has been used and that the state before com- 
pression is 100 kPa, 25°C. The compression ratio 
of the engine is 9:1. 

a. Determine the pressure and temperature after 
compression, assuming a reversible adiabatic 
process. 

b. Assume that complete combustion takes place 
while the piston is at top dead center (at min- 
imum volume) in an adiabatic process. Deter- 
mine the temperature and pressure after com- 
bustion and the increase in entropy during the 
combustion process. 

c. What is the irreversibility for this process? 

15.148 Liquid acetylene, C 2 H 2 , is stored in a high- 
pressure storage tank at ambient temperature, 
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25°C . The liquid is fed to an insulated combustor/ 
steam boiler at a steady rate of 1 kg/s, along with 
140% theoretical oxygen, O 2 , which enters at 500 
K, as shown in Fig. P15.148. The combustion 
products exit the unit at 500 kPa, 350 K. Liq- 
uid water enters the boiler at 10°C, at the rate of 
15 kg/s, and superheated steam exits at 200 kPa. 

a. Calculate the absolute entropy, per kmol, of 
liquid acetylene at the storage tank state. 

b. Determine the phase(s) of the combustion 
products exiting the combustor boiler unit and 
the amount of each if more than one. 

c. Determine the temperature of the steam at the 
boiler exit. 


ENGLISH UNIT PROBLEMS 

15.149 E The output gas mixture of a certain air-blown 
coal gasifier has the composition of producer 
gas as listed in Table 15.2. Consider the com- 
bustion of this gas with 120 % theoretical air at 
15.7 lbf/in . 2 pressure. Find the dew point of the 
products and the mass of water condensed per 
pound-mass of fuel if the products are cooled 
20 F below the dew-point temperature. 

E nergy and E nthalpy of Formation 

15.150;: What is the enthalpy of formation for oxygen as 
0 2 ? If O? For carbon dioxide? 

15.151 Onealternativeto using petroleum ornatural gas 
as fuels is ethanol (C 2 H 5 0 H ), which is com- 
monly produced from grain by fermentation. 
Consider a combustion process in which liquid 
ethanol is burned with 120 % theoretical air in 
a steady-flow process. The reactants enter the 
combustion chamber at 77 F, and the products 
exit at 140 F, 15.7 lbf/in. 2 . Calculate the heat 
transfer per pound mole of ethanol, using the 
enthalpy of formation of ethanol gas plus the 
generalized tables or charts. 

15.152 Liquid methanol is burned with stoichiometric 
ai r, both suppl i ed at P 0 , T 0 i n a constant pressure, 
process, and the product exits a heat exchanger 
at 1600 R. Find the heat transfer per Ibmol fuel. 

15.153 i: in a new high-efficiency furnace, natural gas, 
assumed to be 90% methane and 10% ethane(by 
volume) and 110 % theoretical air, each enter at 


77 F, 15.7 lbf/in. 2 , and the products (assumed 
to be 100% gaseous) exit the furnace at 100 F, 
15.7 lbf/in. 2 . What is the heat transfer for this 
process? Compare thisto an olderfurnacewhere 
the products exit at 450 F, 15.7 lbf/in. 2 . 

15.154 Repeat the previous problem, but take into ac- 
count the actual phase behavior of the products 
exiting the furnace. 

15.1553 Pentene, C 5 H 10 , is burned with pure 0 2 in a 
steady-state process. The products at one point 
are brought to 1300 R and used in a heat ex- 
changer, where they are cooled to 77 F. Find the 
specific heat transfer in the heat exchanger. 

15.156l A rigid vessel initially contains 2 Ibm of car- 
bon and 2 Ibm of oxygen at 77 F, 30 lbf/in. 2 . 
Combustion occurs, and the resulting products 
consistof 1 Ibm of C0 2 , 1 Ibm of CO, and excess 
0 2 at a temperature of 1800 R. Determine the 
final pressure in the vessel and the heat transfer 
from the vessel during the process. 

15.157- A closed, insulated container is charged with a 
stoichiometric ratio of oxygen and hydrogen at 
77 F and 20 lbf/in. 2 . After combustion, liquid 
water at 77 F is sprayed in such a way that the 
final temperature is 2100 R. What is the final 
pressure? 

15.158E M ethane, C H 4 , is burned in a steady-state pro- 
cess with two different oxidizers: case A — pure 
oxygen, 0 2 , and case B— a mixture of 0 2 + 
xAr. The reactants are supplied at To, P 0 , and 
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the products are at 3200 R in both cases. Find 
the required equivalence ratio in case A and the 
amount of argon, x, fora stoichiometric ratio in 
case B . 

Enthalpy of Combustion and Heating Value 

15.159 What is the higher heating value, HHV, of 
n-butane? 

15.160 Find the enthalpy of combustion and the heating 
value for pure carbon. 

15.161 Blast furnace gas in a steel mill is available at 
500 F to be burned for the generation of steam. 
The composition of this gas is as follows on a 
volumetric basis: 


Component 

CPU H 2 CO 

C0 2 n 2 

H 2 0 

Percent by volume 

0.1 2.4 23.3 

14.4 56.4 

3.4 


Find the lower heating val ue (B tu/ft 3 ) of this gas 
at 500 F and P 0 . 

15.162 A burner receives a mixture of two fuels with 
mass fraction 40% n-butane and 60% methanol, 
both vapor. The fuel is burned with stoichio- 
metric air. Find the product composition and the 
I ower heati ng val ue of this fuel mi xture (B tu/l bm 
fuel mix). 

Adiabatic Flame Temperature 

15.163E H ydrogen gas is burned with pure oxygen in a 
steady-flow burnerwhereboth reactants are sup- 
plied in a stoichiometric ratio at the reference 
pressure and temperature. W hat is the adiabatic 
flame temperature? 

15.164L Some type of wood can be characterized as 
C i H 1.5O o .7 with a lower heating value of 8380 
Btu/lbm. Find its adiabatic flame temperature 
when burned with stoichiometric air at 1 atm., 
77 F. 

15.165 E C arbon is burned w ith ai r i n a f urnace w i th 150% 
theoretical air, and both reactants are supplied at 
the reference pressure and temperature. W hat is 
the adiabatic flame temperature? 

15.166E B utane gas at 77 F is mixed with 150% theoret- 
ical air at 1000 R and is burned in an adiabatic 
steady-state combustor. W hat is the temperature 
of the products exiting the combustor? 


15.167E Acetylene gas at 77 F, 15.7 lbf/in. 2 , is fed to the 
head of a cutting torch. Calculate the adiabatic 
fl ame tern perature if the acetyl ene i s burned w ith 
100% theoretical air at 77 F. Repeat the answer 
for 100% theoretical oxygen at 77 F. 

15.168 Liquid n-butane at T 0 , is sprayed into a gas tur- 
bine with primary air flowing at 150 lbf/in. 2 , 700 
Rina stoichiometric ratio. After complete com- 
bustion, the products are at the adiabatic flame 
temperature, which is too high. Therefore, sec- 
ondary air at 150 lbf/in. 2 , 700 R, is added (see 
Fig. P15.84), with the resulting mixture being 
at 2500 R. Show that T a d >2500 R and find the 
ratio of secondary to primary airflow. 

15.1695 Ethene, C 2 H 4 , burns with 150% theoretical air 
inasteady-state,constant-pressureprocess, with 
reactants entering at P 0 , T 0 . Find the adiabatic 
flame temperature. 

15.170E Solid carbon is burned with stoichiometric air in 
a steady-state process, as shown in Fig. P15.187. 
The reactants atT 0 , Po are heated in a preheater 
to T 2 = 900 R with the energy given by the prod- 
ucts before flowing to a second heat exchanger, 
which they leave at T 0 . Find the temperature of 
the products T 4 and the heat transfer per I bm of 
fuel (4 to 5) in the second heat exchanger. 


Second L aw for the C ombustion Process 

15.171 Two-pound moles of ammonia are burned in a 
steady-state process with x Ibm of oxygen. The 
products, consisti ng of H 2 0, N 2 , and the excess 
O 2 , exit at 400 F, 1000 lbf/in. 2 . 

a. Calculate x if half the water in the products is 
condensed. 

b. C alculate the absol ute entropy of the products 
at the exit conditions. 

15.172E Propene, C 3 H 6 , is burned with air in a steady 
flow burner with reactants at P 0 , T 0 . The mix- 
ture is lean, so the adiabatic flame temperature 
is 3200 R. Find the entropy generation per Ibmol 
fuel, neglecting all the partial pressure correc- 
tions. 

15.173 Graphite, C, at P 0 , To is burned with air coming 
in at Pq, 900 R, in a ratio so that the products 
exit at P 0 , 2200 R. Find the equivalence ratio, 
thepercenttheoretical air, and the total irreversi- 
bility. 
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15.174E Hydrogen peroxide, H 2 C> 2 , enters a gas genera- 
tor at 77 F, 75 lbf/in. 2 , at the rate of 0.2 Ibm/sand 
is decomposed to steam and oxygen exiting at 
1500 R, 75 lbf/in. 2 . The resulting mixture is ex- 
panded through a turbine to atmospheric pressure, 
14.7 lbf/in. 2 , as shown in Fig. P15.100. Deter- 
mi ne the power output of the turbi ne and the heat- 
transfer rate in the gas generator. The enthalpy of 
formation of liquid H 2 C >2 is -80 541 Btu/lb moi. 

15.175G M ethane is burned with air, both of which are 
supplied at the reference conditions. There is 
enough excess airto give a flame temperature of 
3200 R. What are the percent theoretical air and 
the irreversibility in the process? 

Fuel Cells, Efficiency and Review 

15.176E I n Example 15.16, a basic hydrogen- oxygen fuel 
cell reaction was analyzed at25°C, 100 kPa. Re- 
peat this calculation, assuming that the fuel cell 
operates on air at 77 F, 14.7 lbf/in. 2 , instead of 
on pure oxygen at this state. 

15.177E Pentane is burned with 120% theoretical air 
in a constant-pressure process at 14.7 lbf/in. 2 . 
T h e p ro d u cts a re co o I ed to am b i ent tern peratu re, 
70 F. H ow much mass of water is condensed per 
pound-massoffuel? Repeatthe problem, assum- 
ing that the air used in the combustion has a 
relative humidity of 90%. 

15.178 A small air-cooled gasolineengine istested, and 
the output is found to be 2.0 hp. The tempera- 
ture of the products is measured and found to be 
730 F. The products are analyzed on a dry vol- 
umetric basis, with the following result: 11.4% 
C0 2 , 2.9% CO, 1.6% 0 2 , and 84.1% N 2 . The 
fuel may be considered to be liquid octane. The 
fuel and air enter the engine at 77 F, and the flow 


rateof fuel to the engi ne i s 1.8 Ibm/h. Determine 
the rate of heat transfer from the engine and its 
thermal efficiency. 

15.179S A gasoline engine uses liquid octane and air, 
both supplied atP 0 , T 0 , in a stoichiometric ra- 
tio. The products (complete combustion) flow 
out of the exhaust valve at 2000 R . A ssume that 
the heat loss carried away by the cooling water, 
at 200 F, is equal to the work output. Find the ef- 
ficiency of the engine expressed as (work/lower 
heating value) and the second-law efficiency. 

15.180E In a test of rocket propellant performance, liq- 
uid hydrazine (N 2 H 4 ) at 14.7 lbf/in. 2 , 77 F, and 
oxygen gas at 14.7 lbf/in. 2 , 77 F, are fed to a com- 
bustion chamber in the ratio of 0.5 Ibm 0 2 /lbm 
N 2 H 4 . The heat transfer from the chamber to 
the surroundings is estimated to be 45 Btu/lbm 
N 2 H 4 . Determine the temperature of the prod- 
ucts exi ti ng the chamber. A ssume that only H 2 0, 
H 2 , and N 2 are present. The enthalpy of forma- 
tion of liquid hydrazine is +21 647 Btu/lb mole. 

15.181E Repeat Problem 15.180E, but assume that 
saturated-liquid oxygen at 170 R is used in- 
stead of 77 F oxygen gas in the combustion pro- 
cess. U se the general i zed charts to determi ne the 
properties of liquid oxygen. 

15.182 Ethene, C 2 H 4 , and propane, C 3 H 8 , in a 1:1 mole 
ratio as gases are burned with 120 % theoretical 
air in a gas turbine. Fuel is added at 77 F, 150 
lbf/in. 2 , and the air comes from the atmosphere, 
77 F, 15 lbf/in. 2 , through a compressor to 150 
lbf/in . 2 and mixed with the fuel. The turbine 
work is such that the exit temperature is 1500 
R with an exit pressure of 14.7 lbf/in. 2 . Find the 
mixture temperature beforecombustion and also 
the work, assuming an adiabatic turbine. 


COMPUTER, DESIGN, AND OPEN-ENDED PROBLEMS 


15.183 W rite a program to study the effect of the per- 
centage of theoretical air on the adiabatic flame 
temperature for a (variable) hydrocarbon fuel . A s- 
sume reactants enter the combustion chamber at 
25°C and complete combustion. Use constant- 
specific heat of the various products of combus- 
tion, and let the fuel composition and its enthalpy 
of formation be program inputs. 


15.184 Power plants may use off-peak power to compress 
air into a large storage facility (see Problem 9.50). 
The compressed air is then used as the air supply 
to a gas-turbine system where it is burned with 
some fuel, usually natural gas. The system is then 
used to produce power at peak load times. Inves- 
tigate such a setup and estimate the power gener- 
ated with the conditions given in Problem 9.50 and 
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combustion with 200-300% theoretical air and ex- 
haust to the atmosphere. 

15.185 A car that runs on natural gas has it stored in a 
heavy tank with a maximum pressure of 3600 psi 
(25 M Pa). Size the tank for a range of 300 miles 
(500 km), assuming a car engine that has a 30% 
efficiency requiring about 25 hp (20 kW ) to drive 
the car at 55 mi/h (90 km/h). 

15.186 TheCheng cycle, shown in Fig. P13.178, is pow- 
ered by the combustion of natural gas (essentially 
methane) being burned with 250-300% theoreti- 
cal air. in the case with a single water-condensing 
heat exchanger, where T 6 = 40°C and <t> 6 = 100%, 
is any makeup water needed at state 8 or is there 
a surplus? Does the humidity in the compressed 
atmospheric air at state 1 make any difference? 
Study the problem over a range of air-fuel ratios. 

15.187 The cogenerating power plant shown in Prob- 
lem 11.73 burns 170 kg/s air with natural gas, 
CH 4 .The setup isshown in Fig. P15.187 wherea 



FIGURE P15.187 


fraction of the airflow out of the compressor with 
pressure ratio 15.8:1 is used to preheat the feed- 
water in the steam cycle. The fuel flow rate is 3.2 
kg/s. Analyze the system, determining the total 
heat transfer to the steam cycle from the turbine 
exhaust gases, the heat transfer in the preheater, 
and the gas turbine inlet temperature. 

15.188 Consider the combustor in the Cheng cycle (see 
Problems 13.178 and 15.144). Atmospheric air is 
compressed to 1.25 M Pa, state 1. It is burned with 
natural gas, C H 4 , with the products leaving at state 
2. The fuel should add a total of about 15 M W to 
the cycle, with an air flow of 12 kg/s. For a com- 
pressor with an intercooler, estimate the tempera- 
tures T i, T 2 and the fuel flow rate. 

15.189 Study the coal gasification process that will pro- 
duce methane, C H 4 , or methanol , C FH 3 0 H . W hat 
is involved in such a process? Compare the heat- 
ing values of the gas products with those of the 
original coal. Discuss the merits of this conver- 
sion. 

15.190 Ethanol, C2H5OH, can be produced from corn or 
biomass. I nvestigate the process and the chemical 
reactions that occur. For different raw materials, 
estimate the amount of ethanol that can be ob- 
tained per mass of the raw material. 

15.191 A Diesel engine is used as a stationary power pi ant 
in remote locations such as a ship, oil drilling rig, 
or farm. Assume diesel fuel is used with 300% 
theoretical air in a 1000-hp diesel engine. Esti- 
mate the amount of fuel used, the efficiency, and 
the potential use of the exhaust gases for heating 
rooms or water. Investigate if other fuels can be 
used. 

15.192 When a power plant burns coal or some blends 
of oil, the combustion process can generate pol- 
lutants as SO x and NO x Investigate the use of 
scrubbers to remove these products. Explain the 
processes that take place and the effect on the 
power plant operation (energy, exhaust pressures, 
etc.). 



Introduction to Phase 
and Chemical 
Equilibrium 


Up to this point, we have assumed that we are dealing either with systems that are in 
equilibrium or with those in which the deviation from equilibrium is infinitesimal, as in a 
quasi-equilibrium or reversible process. For irreversible processes, we made no attempt to 
describe the state of the system during the process but dealt only with the initial and final 
states of the system, in the case of a control mass, or the inlet and exit states as well in the 
case of a control volume. For any case, we either considered the system to be in equilibrium 
throughout or at least made the assumption of local equilibrium. 

In this chapter we examine the criteria for equilibrium and from them derive certain 
relations that will enable us, under certain conditions, to determine the properties of a system 
when it is in equilibrium. The specific case we will consider is that involving chemical 
equilibrium in a single phase (homogeneous equilibrium) as well ascertain related topics. 



REQUIREMENTS FOR EQUILIBRIUM 


Asa general requirement for equilibrium, we postulate that a system is in equilibrium when 
there is no possibility that it can do any work when it is isolated from its surroundings. In 
applying this criterion, it is helpful to divide the system into two or more subsystems and 
consider the possibility of doing work by any conceivable interaction between these two 
subsystems. For example, in Fig. 16.1 a system has been divided into two systems and an 
engine, of any conceivable variety, placed between these subsystems. A system may be so 
defined as to include the immediate surroundings. In this case, we can let the immediate 
surroundi ngs be a subsystem and thus consider the general case of the equi I i bri urn between 
a system and its surroundings. 

The first requirement for equilibrium is that the two subsystems have the same tem- 
perature; otherwise, we could operate a heat engine between the two systems and do work. 
Thus, we conclude that one requirement for equilibrium is that a system must be at a uni- 
form temperature to be in equilibrium. It is also evident that there must be no unbalanced 
mechanical forces between the two systems, or else one could operate a turbine or piston 
engine between the two systems and do work. 

We would like to establish general criteria for equilibrium that would apply to all 
simple compressible substances, including those that undergo chemical reactions. We will 
find that the G i bbs function isa particularly significant property in defining the criteria for 
equilibrium. 
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FIGURE 16.1 Two 

subsystems that 
communicate through an 
engine. 


Subsystem 

1 


Engine 

0=0 

Subsystem 

2 


iw 


Let us first consider a qualitative example to illustrate this point. Consider a natural 
gas well that is 1 km deep, and let us assume that the temperature of the gas is constant 
throughout the gas well. Suppose we have analyzed the composition of the gas at the top of 
the well, and we would like to know the composition of the gas at the bottom of the well. 
Furthermore, let us assume that equilibrium conditions prevail in the well. If this is true, we 
would expect that an engine such as that shown in Fig. 16.2 (which operates on the basis 
of the pressure and composition change with elevation and does not involve combustion) 
would not be capable of doing any work. 

If we consider a steady-state process for a control volume around this engine, the 
reversible work for the change of state from / to e is given by Eq. 10.14 on a total mass 
basis: 

1/1/ rev = rhi^hi + y + gZj - T 0 s^J - m e ^h e + ^ + gZ e - T 0 s e 

Furthermore, since T, = T e = To = constant, this reduces to the form of the Gibbs 
function g = h - Ts, Eq. 14.14, and the reversible work is 

i/I / rev = riii |g; + y + gZi^J ~ rile + y + gZ e 

Flow ever, 

■ rpv V 2 V 2 

1/1/ = 0, rhj — m e and y = y 

Then we can write 

gi+gZi = g s + gZ e 


z 


i 


FIGURE 16.2 

Illustration showing the 
relation between 
reversible work and the 
criteria for equilibrium. 
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total 


FIGURE 16.3 

Illustration of the 
requirement for chemical 
equilibrium. 


T = constant 
P = constant 



Equilibrium point 


and the requirement for equilibrium in the well between two levels that are a distance dZ 
apart would be 


dg T +gdZ T = 0 

I n contrast to a deep gas wel I , most of the systems that we consi der are of such size that 
A Z is negligibly small, and therefore we consider the pressure to be uniform throughout. 

This leads to the general statement of equilibrium that applies to simple compressible 
substances that may undergo a change in chemical composition, namely, that at equilibrium 

dG t.p = 0 (16.1) 

In the case of a chemical reaction, it is helpful to think of the equilibriun state as 
the state in which the 3 i bbs function is a minimun . For example, consider a control mass 
consisting initially of n A moles of substance/1 and n B moles of substanceB, which react in 
accordance with the relation 


v a A +v b B ^v c C +v d D 

Let the reaction take place at constant pressure and temperature. If we plot G for this 
control mass as a function of n A , the number of moles of A present, we would haveacurve 
as shown in Fig. 16.3. At the minimum point on the curve, dG T P = 0, and this will be the 
equilibrium composition for this system at the given temperature and pressure. The subject 
of chemical equilibrium will be developed further in Section 16.4. 


16.2 


EQUILIBRIUM BETWEEN TWO PHASES OF A 
PURE SUBSTANCE 


As another example of this requirement for equilibrium, let us consider the equilibrium 
between two phases of a pure substance. Consider a control mass consisting of two phases 
of a pure substance at equilibrium. We know that under these conditions the two phases 
are at the same pressure and temperature. Consider the change of state associated with a 
transfer of dn moles from phase 1 to phase 2 while the temperature and pressure remain 
constant. That is, 


dn 1 = -dn 2 
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The Gibbs function of this control mass is given by 

G = f(T,P,n\n 2 ) 

where n 1 and n 2 designate the number of moles in each phase. Therefore, 


3 G 


3T 

By definition, 


/ 3G 


P .n 1 ,!! 1 


\dP 


dG = ( ) dT + (— dP+ —^r I + 


( 3G 


/3G 


\dn ] 


T.n 1 ,/! 2 


7t1 


\dn ] 


T,P,n 2 


3 G 


3/v 


dn* 


T.P.n 1 


^Tl =9 1^2 


T,P ,n 2 


3 G 


T.P.n 1 


g 2 


Therefore, at constant temperature and pressure, 

dG = g 1 dn 1 + g 2 dn 2 = dnHg 1 - g 2 ) 
Now at equilibrium (Eq. 16.1) 

dG j p = 0 

Therefore, at equilibrium, we have 


g 1 = g 2 (16.2) 


Thatis, under equilibrium conditions, the G i bbs function of each phaseof a pure substance 
is equal. Let us check this by determining the Gibbs function of saturated liquid (water) and 
saturated vapor (steam) at 300 kPa. From the steam tables: 

For the liquid: 


g f = h f — T s f = 561.47 - 406.7 x 1.6718 = -118.4 kj/kg 


For the vapor: 

g g = hg-Ts g = 2725.3 - 406.7 x 6.9919 = -118.4 kj/kg 
Equation 16.2 can also be derived by applying the relation 

T ds =dh -vdP 


to the change of phase that takes pi ace at constant pressure and temperature. For this process 
this relation can be integrated as follows: 

r9 r9 

f, T « s = f/ h 

T(Sg-Sf) = (hg-hf) 
hf-TSf =hg-Ts g 
9f = 9g 

TheClapeyron equation, which was derived in Section 14.1, can be derived by an al- 
ternate method by considering the fact that the Gibbs functions of two phases in equilibrium 
are equal. In Chapter 14 we considered the relation (Eq. 14.15) fora simple compressible 
substance: 


dg = v dP -sdT 
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EXAMPLE 16.1 


Consider a control mass that consists of a saturated liquid and a saturated vapor 
in equilibrium, and let this system undergo a change of pressure dP. The corresponding 
change in temperature, as determined from the vapor-pressure curve, is dT. Both phases 
will undergo the change in Gibbs function, dg, but since the phases always have the same 
value of the Gibbs function when they are in equilibrium, it follows that 

dg f =dg g 

But, from Eq. 14.15, 

dg = vdP -sdT 

it follows that 

dg f — v f dP -Sf dT 
dg g = v g dP -SgdT 

Since 

dgt = dg g 

it follows that 


VfdP-SfdT = VgdP -SgdT 

dP(Vg -v f ) = dT{s g -s f ) ( 16i3 ) 

dP_ = 5jg_ = _h_fg_ 
dT Vfg TVfg 

In summary, when different phases of a pure substance are in equilibrium, each phase 
has the same value of the Gibbs function per unit mass. This fact is relevant to different sol id 
phasesof apuresubstanceandisimportantin metallurgical applicationsof thermodynamics. 
Example 16.1 illustrates this principle. 


W hat pressure is required to make diamonds from graphite at a temperature of 25°C? The 
following data are given for a temperature of 25°C and a pressure of 0.1 M Pa. 



G raphite 

Diamond 

g 

0 

2867.8 kj/mol 

V 

0.000 444 m 3 /kg 

0.000 284 m 3 /kg 

Pt 

0.304 x 10- 6 1/M Pa 

0.016 x 10- 6 1/M Pa 


Analysis and Solution 

The basic principle in the solution is that graphite and diamond can exist in equilibrium 
when they have the same value of the Gibbs function. At 0.1 M Pa pressure the Gibbs 
function of the diamond is greater than that of the graphite. However, the rate of increase 
in Gibbs function with pressure is greater for the graphite than for the diamond; therefore, 
at some pressure they can exist in equilibrium. Our problem is to find this pressure. 
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We have already considered the relation 

dg = v dP -sdT 

Since we are considering a process that takes place at constant temperature, this 
reduces to 


dg T = v dP T (a) 

N ow at any pressure P and the given temperature, the specific volume can be found from 
the following relation, which utilizes isothermal compressibility factor. 



The superscri pt 0 w i 1 1 be used i n thi s exampl e to i ndi cate the properti es at a pressure 
of 0.1 M Pa and a temperature of 25°C . 

The specific volume changes only slightly with pressure, so that v « v°. Also, we 
assume that p T is constant and that we are considering a very high pressure. With these 
assumptions, this equation can be integrated to give 

v = v°-v 0 p T P =v°(l-p T P) (c) 

We can now substitute this into Eq. (a) to give the relation 


dg T =[v°(l -frP)]dP T 
g — g° — v°(P -P°)-v°p T 


(p 2 _ p°2) 


If we assume that P 0 <§c P , this reduces to 


g - g° = v°l P - 


P T P : 


For the graphite, g° = 0 and we can write 


P 2 ' 

P -(Mg T 


9g =v u g 

For the diamond, g° has a definite value and we have 


9d =9°d+v°d 


P 2 ' 

P - (Pt)d ~2 


(d) 


(e) 


But at equilibrium the G i bbs function of thegraphite and diamond are equal: 


9g = 9d 
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Therefore, 


p 2 ' 

(Pt)g T 


9d 


p - ( Pt)d — 


P 2 ' 

2 


K -v°)P - [v°(l3 T ) G -v*(p T ) D ]- = g° D 


(0.000 444 - 0.000 284) P 
-(0.000 444 x 0.304 x 10~ 6 
Solving thisforP wefind 


0.000 284 x 0.016 x 10- 6 )P 2 /2 = 


P = 1493 M Pa 


2867.8 


12.011 x 1000 


That is, at 1493 MPa, 25°C, graphite and diamond can exist in equilibrium, and the 
possibility exists for conversion from graphite to diamonds. 


16.3 


METASTABLE EQUILIBRIUM 


Although the limited scope of this book precludes an extensive treatment of metastable 
equilibrium, a brief introduction to the subject is presented in this section. Let us first 
consider an example of metastable equilibrium. 

Consider a slightly superheated vapor, such as steam, expanding in a convergent- 
divergent nozzle, as shown in Fig. 16.4. Assuming the process is reversible and adiabatic, the 


FIGURE 16.4 

Illustration of the 
phenomenon of 
supersaturation in a 
nozzle. 


Point where condensation 
would begin if equilibrium prevailed 



occurs very abruptly 
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FIGURE 16.5 

Metastable states for 

solid-liquid-vapor 

equilibrium. 



T 


FIGURE 16.6 

Schematic diagram 
illustrating a metastable 
state. 








Components 
A, B, C, D 
in chemical 
equilibrium 



FIGURE 16.7 

Schematic 
diagram for 
consideration of 
chemical 
equilibrium. 


steam will follow path 1 -a on the T-s diagram, and at point a we would expect condensation 
to occur. However, if point a is reached in the divergent section of the nozzle, it is observed 
that no condensation occurs until point b is reached, and at this point the condensation 
occurs very abruptly in what is referred to as a condensation shock. Between points a and 
b the steam exists as a vapor, but the temperature is below the saturation temperature for 
the given pressure. This is known as a metastable state. The possibility of a metastable state 
exists with any phase transformation. The dotted lines on the equilibrium diagram shown 
in Fig. 16.5 represent possible metastable states for solid-liquid-vapor equilibrium. 

The nature of a metastable state is often pictured schematically by the kind of dia- 
gram shown in Fig. 16.6. The ball is in a stable position (the "metastable state") for small 
displacements, but with a large displacement it moves to a new equilibrium position. The 
steam expanding in the nozzle is in a metastable state between a and b. This means that 
droplets smaller than a certain critical size will reevaporate, and only when droplets larger 
than this critical size have formed (this corresponds to moving the ball out of the depression) 
will the new equilibrium state appear. 


16.4 


CHEMICAL EQUILIBRIUM 


We now turn our attention to chemical equilibrium and consider first a chemical reaction 
involving only one phase. This is referred to as a homogeneous chemical reaction. It may 
be helpful to visualize this as a gaseous phase, but the basic considerations apply to any 
phase. 

Consider a vessel, Fig. 16.7, that contains four compounds, A, B, C , and D, which 
are in chemical equilibrium at a given pressure and temperature. For example, these might 
consist of CO 2 , H 2 , CO, and H 2 0 in equilibrium. Let the number of moles of each component 
be designated n A , n B , nc, and n D . Furthermore, let the chemical reaction that takes place 
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between these four constituents be 

v a A + v b B ^v c C +v d D (16.4) 

where the v's are the stoichiometric coefficients, it should be emphasized that there is a 
very definite relation between the v’s (the stoichiometric coefficients), whereas the n's (the 
number of moles present) for any constituent can be varied simply by varying the amount 
of that component in the reaction vessel. 

Let us now consider how the requirement for equilibrium, namely, that dGp,p = 0 
at equilibrium, applies to a homogeneous chemical reaction. Let us assume that the four 
components are in chemical equilibrium and then assume that from this equilibrium state, 
while the temperature and pressure remain constant, the reaction proceeds an infinitesimal 
amount toward the right as Eq. 16.4 is written. This results in a decrease in the moles of A 
and B and an increase in the moles of C and D . Let us designate the degree of reaction by 
s and define the degree of reaction by the relations 


dn A = -v A ds 
dn B = -v B ds 
dn c = +v c ds 
dn D = +v D ds 

That is, the change in the number of moles of any component during a chemical 
reaction is given by the product of the stoichiometric coefficients (the v’s) and the degree 
of reaction. 

Let us evaluate the change in the Gibbs function associated with this chemical reaction 
that proceeds to the right in the amount ds. I n doing so we use, as would be expected, the 
Gibbs function of each componentin the mixture— the partial molal Gibbs function (orits 
equivalent, the chemical potential): 

dG t,p = G c dric + G d dno + G A dn A + G B dn B 
Substituting Eq. 16.5, we have 

dGr,p=(\/cGc+VoGo— v A G A — v B G B )ds (16.6) 

We now need to develop expressions for the partial molal Gibbs functions in terms 
of properties that we are able to calculate. From the definition of the Gibbs function, Eq. 
14.14, 


G = H -TS 


Fora mixtureof two components/) and B, we differentiate this equation with respect 
to n A at constant!, P, and n B , which results in 





\dn A ) T p „ B \dn A ) T Pj1b \3n A /T,p,n B 

All three of these quantities satisfy the definition of partial molal properties according to 
Eq. 14.65, such that 


G A = H a — T S A 


For an ideal-gas mixture, enthalpy is not a function of pressure, and 


(16.7) 
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EXAMPLE 16.2 


Entropy is, however, a function of pressure, so that the partial entropy of A can be expressed 
by Eq. 15.22 in terms of the standard-state value, 

S A = S AT p A =y A p 

= ue.si 

Now, substituting Eqs. 16.8 and 16.9 into Eq. 16.7, 

^ = C«-7-5j„ 0 + »n-in(^) 

= & P „ + RTln(^) (16.10) 


Equation 16.10 is an expression for the partial Gibbs function of a component in a mixture 
in terms of a specific reference value, the pure-substance standard-state Gibbs function at 
the same temperature, and a function of the temperature, pressure, and composition of the 
mixture. This expression can be applied to each of the components in Eq. 16.6, result- 
ing in 


dG tp 


vc 


g° c +RT In 



+ v D 


g° D +RT In 



-v A 



+ RT In 



-v B 



+ RT In 



Let us define AG° as follows: 


AG° = v c g° c +v D g° D -v A g° A -v B g° B 


ds (16.11) 


(16.12) 


That is, AG° is the change in the Gibbs function that would occur if the chemical 
reaction given by Eq. 16.4 (which involves the stoichiometric amounts of each component) 
proceeded completely from left to right, with the reactants/) and B initially separated and 
at temperature! and the standard-state pressure and the products C andD finally separated 
and at temperature! and the standard-state pressure. Note also that AG 0 for a given reaction 
is a function of only the temperature. This will be most important to bear in mind as we 
proceed with our developments of homogeneous chemical equilibrium. Let us now digress 
from our development to consider an example involving the calculation of AG°. 


Determine the value of AG° for the reaction 2 H 2 O ^ 2 H 2 + O 2 at 25°C and at 2000 K, 
with the water in the gaseous phase. 

Solution 

At any given temperature, the standard-state Gibbs function change of Eq. 16.12 can be 
calculated from the relation 


AG° = AH°-T A 5° 
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At 25°C, 

AH 0 = 2h fH2 + h f q 2 - 2/i f H 2 o(g) 

= 2(0) + 1(0) - 2( — 241 826) = 483 652 kj 
AS 0 = 2Sh 2 + Sq 2 - 2s^ 2 o (sf ) 

= 2(130.678) + 1(205.148) - 2(188.834) = 88.836 kJ/K 
Therefore, at 25°C, 

AG 0 = 483 652 - 298.15(88.836) = 457 166 kj 

At 2000 K , 

AH 0 = 2 (h 2000 - ^ 298 ) H 2 + 2000 _ ^ 29s ) 0l ~ + ^2000 ~ ^29s) H ^ Q 

= 2(52 942) + (59 176) - 2(— 241 826 + 72 788) 

= 503 136 kj 

AS 0 = 2(S2ooo)h 2 + (^200o)o 2 ~ 2 ( j 200o)h 2 o 

= 2(188.419) + (268.748) - 2(264.769) 

= 116.048 kJ/K 

Therefore, 

AG 0 = 503 136 - 2000 x 116.048 = 271 040 kj 


Returning now to our development, substituting Eq. 16.12 into Eq. 16.11 and rear- 
ranging, we can write 


dG t p = | A G ( 


RT In 


y^c y^D ^ p \ Vc+Vd—Va—Vb 


de 


At equilibrium dG TtP = 0. Therefore, since de is arbitrary, 


yVc yjD / p \Vc~\~Vq—Va—Vb 


AG 0 

~Kf 


(16.13) 


(16.14) 


For convenience, we define the equilibrium constants as 

AG° 

In K=-^~ (16.15) 

RT 

which we note must be a function of temperature only for a given reaction, since A G° is 
given by Eq. 16.12 in terms of the properties of the pure substances at a given temperature 
and the standard-state pressure. 

Combining Eqs. 16.14 and 16.15, we have 


K = 


YcYp ( P \ 
Y V a a Y V b b \P°) 


Vc+Vd-Va-Vb 


(16.16) 
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FIGURE 16.8 The 

shift in the reaction with 
the change in the Gibbs 
function. 


EXAMPLE 16.3 


Left Centered Right 


K « 1 K - 1 


0 


K » 1 


+ 


AG° 

RT 


which is the chemical equilibrium equation corresponding to the reaction equation, Eq. 
16.4. 

From the equilibrium constant definition in Eqs. 16.15 and 16.16 we can draw a few 
conclusions. If the shift in the Gibbs function is large and positive, In K is large and negative, 
leading to a very small value of K . At a given P in Eq. 16.16 this leads to relatively small 
values of the RHS (component C and D) concentrations relative to the LHS component 
concentrations; the reaction is shifted to the left. The opposite is the case of a shift in the 
Gibbs function that is large and negative, giving a large value of K and the reaction is shifted 
to the right, as shown in Fig. 16.8. If the shift in Gibbs function is zero, then In K is zero, 
and K is exactly equal to 1. The reaction is in the middle, with all concentrations of the 
same order of magnitude, unless the stoichiometric coefficients are extreme. 

The other trends we can see are the influences of the temperature and pressure. 
For a higher temperature but the same shift in the Gibbs function, the absolute value of 
In K is smaller, which means K is closer to 1 and the reaction is more centered. For low 
temperatures, the reaction is shifted toward the side with the smallest Gibbs function G°. 
The pressure has an influence only if the power in Eq. 16.16 is different from zero. That 
is so when the number of moles on the RHS (vc + v D ) is different from the number of 
moles on the LHS (v A + v B ). Assuming we have more moles on the RHS, then, we see that 
the power is positive. So, if the pressure is larger than the reference pressure, the whole 
pressure factor is larger than 1, which reduces the RHS concentrations as K is fixed for a 
given temperature. You can argue all the other combinations, and the result is that a higher 
pressure pushes the reaction toward the side with fewer moles, and a lower pressure pushes 
the reaction toward the side with more moles. The reaction tries to counteract the externally 
imposed pressure variation. 


Determine the equilibrium constant K , expressed as In K, for the reaction 2H 2 0 ^ 
2H 2 + 0 2 at 25°C and at 2000 K. 


Solution 


We have already found, in Example 16.2, AG 0 for this reaction at these two temperatures. 
Therefore, at 25°C, 


(Inn aG °98 - 4 5 7 1 66 

298 RT 8.3145 x 298.15 

At 2000 K, we have 


-184.42 


(l n K ) 2 000 — ~ 


ag 0 
2000 

RT 


-271 040 
8.3145 x 2000 


-16.299 
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EXAMPLE 16.4 


Table A .11 gives the values of the equilibrium constant for a number of reactions. 
Note again that for each reaction the value of the equilibrium constant is determined from 
the properties of each of the pure constituents at the standard-state pressure and is a function 
of temperature only. 

For other reaction equations, the chemical equilibrium constant can be calculated as 
in Example 16.3. Sometimes you can write a reaction scheme as a I inear combination of the 
elementary reactions that are already tabulated, as for example in Table A .11. Assume we 
can writea reaction III asa inear combination of reaction I and reaction II, which means 


L H Si,, = a LHSi + f) LHSn 
R H Sim = a RHS| + b RHSii 


From the definition of the shift in the Gibbs function, Eq. 16.12, it follows that 
AG °| = G Pn RHS - G ° | LHS = a AG ° + b AG ft 
Then from the definition of the equilibrium constant in Eq. 16.15 we get 


,„, lll = _E£Si = _ 3 E£f_ t ^S =alnK| 

R T RT RT 


b In Ki 


or 


(16.17) 


i/ i/ a i/ b 
Mil = M Ml 


(16.18) 


Show that the equilibrium constant for the reaction called the water-gas reaction 

III: h 2 + C0 2 ^ H 2 0 + CO 
can be calculated from values listed inTableA.il. 


Solution 

Using the reaction equations from Table A .11, 

I: 2C0 2 2CO + 0 2 
II: 2H 2 0 ^2H 2 + 0 2 

It is seen that 



where Km is calculated from the Table A .11 values 

In Km = |(ln K i — In K M ) 


We now consider a number of examples that illustrate the procedure for determin- 
ing the equilibrium composition for a homogeneous reaction and the influence of certain 
variables on the equilibrium composition. 
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EXAMPLE 16.5 


One kilomole of carbon at 25°C and 0.1 M Pa pressure reacts with 1 kmol of oxygen at 
25°C and 0.1 M Pa pressure to form an equilibrium mixture of CO 2 , CO, and O 2 at 3000 
K, 0.1 M Pa pressure, in a steady-state process. Determine the equilibrium composition 
and the heat transfer for this process. 


Control volume: 
Inlet states: 
Exit state: 
Process: 
Sketch: 
Model : 


Combustion chamber. 

P , T known for carbon and for oxygen. 

P, T known. 

Steady-state. 

Figure 16.9. 

Table A. 10 for carbon; ideal gases, Tables A .9 and A .10. 


Analysis and Solution 

It is convenient to view the overall process as though it occurs in two separate steps, a 
combustion process followed by a heating and dissociatioi of the combustion product 
carbon dioxide, as indicated in Fig. 16.9. This two-step process is represented as 

Combustion: C+0 2 -»C0 2 

Dissociation reaction: 2C0 2 ^ 2CO + O 2 

That is, the energy released by the combustion of C and O 2 heats theCC >2 formed to high 
temperature, which causes dissociation of part of the C0 2 to CO and 0 2 .Thus, the overall 
reaction can be written 


C + O 2 — >■ a CO 2 + bCO + dO 2 

where the unknown coefficients a, b, and d must be found by solution of the equilibrium 
equation associated with the dissociation reaction. Once this is accomplished, we can write 
the first law for a control volume around the combustion chamber to calculate the heat 
transfer. 

From the combustion equation we find that the initial composition for the dissoci- 
ation reaction is 1 kmol CO 2 . Therefore, letting 2 z be the number of kilomoles of CO 2 


- Control surface around 
combustion chamber 


C +0 


25°C 


(reactants) 


Energy transfer 






Combustion 

C0 2 

Heating and 
dissociation 

25°C 


, nnn ,, Equilibrium mixture 
1 K aC0 2 + bCO + d0 2 


(products) 


FIGURE 16.9 Sketch 
for Example 1 6.5. 


-0 

To surroundings 
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dissociated, we find 



2C0 2 ^2C0 + 0 2 

Initial: 

1 0 0 

Change: 

— 2z +2z +z 

At equilibrium: 

(1 — 2z) 2z z 


Therefore, the overall reaction is 


C + 0 2 -► (1 - 2z)C 0 2 + 2zC0 + z0 2 
and the total number of kilomoles at equilibrium is 

n = (l-2z) + 2z + z = 1 + z 
The equilibrium mole fractions are 

1 - 2z 2z 


yco 2 


yco 


yo 2 


1 


From Table A .11 we find that the value of the equilibrium constant at 3000 K for the 
dissociation reaction considered here is 


In K =-2.217 K =0.1089 


Substituting these quantities along with P = 0.1 M Pa into Eq. 16.16, we have the equilib- 
rium equation, 


K 


= 0.1089 = 


ycpyo* ( p \ 

y\ o 2 VpV 



(i) 


or, in more convenient form, 

K 0.1089 / 2z \ 2 / z \ 

P/P°~ 1 -\l-2z) U + zj 


To obtain the physically meaningful root of this mathematical relation, we note that 
the number of moles of each component must be greater than zero. Thus, the root of 
interest to us must lie in the range 


0 <z < 0.5 

Solving the equilibrium equation by trial and error, we find 

z = 0.2189 


Therefore, the overall process is 

C + 0 2 0.5622 C0 2 + 0.4378 CO +0.2189 0 2 


CHEMICAL EQUILIBRIUM ■ 687 


EXAMPLE 16.6 


where the equilibrium mole fractions are 


yco 2 


0.5622 

1.2189 


0.4612 


yco 


0.4378 

1.2189 


0.3592 


_ 0.2189 
y ° 2 “ 1.2189 


0.1796 


The heat transfer from the combustion chamber to the surroundings can be calculated 
using the enthalpies of formation and Table A .9. For this process 

H R =(h° f ) c +(h° f ) 02 = 0 + 0 = 0 

The equilibrium products leave the chamber at 3000 K . Therefore, 

u I 7“0 t~0 \ 

n p = rico 2 (n f + rl 3000 - n 2 g8>co 2 

iT~ 0 T— 0 T-0 v 

+ nco(n f + n 3000 — n 2 g 8 ) co 
+ n<j 2 (h f + h 3000 - h 298 )q 2 

= 0.5622(— 393 522 + 152 853) 

+ 0.4378( — 110 527 + 93 504) 

+ 0.2189(98 013) 

= —121 302 kj 

Substituting into the first law gives 

0 C.V. = H p - Hg 

= -121 302 kj /kmol C burned 


One kilomoleof carbon at 25°C reacts with 2 kmol of oxygen at 25°C to form an equilib- 
rium mixture of CO 2 , CO, and O 2 at 3000 K, 0.1 M Pa pressure. Determine the equilibrium 
composition. 


Control volume: 
Inlet states: 
Exit state: 
Process: 
M odel: 


Combustion chamber. 

T known for carbon and for oxygen. 
P, T known. 

Steady state. 

Ideal-gas mixture at equilibrium. 
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Analysis and Solution 

The overall process can be imagined to occur in two steps, as in the previous example. 
The combustion process is 

C +20 2 — > CO 2 + O 2 
and the subsequent dissociation reaction is 



2C0 2 

^2C0 + 0 2 

initial: 

1 

0 1 

Change: 

-2z 

+2z +z 

At equilibrium: 

(1 - 2z) 

2z (1 + z) 


We find that in this case the overall process is 

C + 20 2 (1-2z)C0 2 + 2zC0 + (1 + z)0 2 

and the total number of kilomoles at equilibrium is 

n = (l-2z) + 2z + (l + z) = 2 + z 


The mole fractions are 


yco 2 = 


1 - 2z 

2 + z 


yco 


2z 

2 + z 


yo 2 = 


1 + z 

2 + z 


The equilibrium constant for the reaction 2 CO 2 ^ 2C0 + O 2 at 3000 K was found in 
Example 16.5 to be 0.1089. Therefore, with these expressions, quantities, and P = 0.1 
M Pa substituted, the equilibrium equation is 


K = 0.1089 = 

Tco 2 vp°. 


2z 


1 — 2z 


( 1 ) 


or 

K 0.1089 / 2z \ 2 /l + z\ 

P/P°~ 1 ~\l-2 z) \2 + z) 

We note that in order for the number of kilomoles of each component to be greater than 
zero, 


0 < z < 0.5 


Solving the equilibrium equation forz, wefind 

z = 0.1553 


so that the overal I process i s 

C + 2 0 2 -> 0.6894 C0 2 + 0.3106 CO + 1.1553 0 2 

W hen we compare this result with that of Example 16.5, we notice that there is more CO 2 
and less CO. The presence of additional O 2 shifts the dissociation reaction more to the 
left side. 


SIMULTANEOUS REACTIONS ■ 689 


The mole fractions of the components in the equilibrium mixture are 


yco 2 

yco 


yo 2 


0.6894 

2.1553 

0.3106 

2.1553 

1.1553 

2.1553 


0.320 

0.144 

0.536 


T he heat transferred from the chamber i n thi s process could befound by the same procedure 
followed in Example 16.5, considering the overall process. 


In-Text Concept Questions 

a. For a mixture of 0 2 and O the pressure is increased at constant T ; what happens to 
the composition? 

b. For a mixture of 0 2 and O the temperature is increased at constant P; what happens 
to the composition? 

c. Fora mixture of 0 2 and O I add some argon, keeping constant!, P; what happens to 
the moles of O? 







Components 
A, B, C, D, 

L, M, N 
in chemical 
equilibrium 



FIGURE 16.10 

Sketch 

demonstrating 

simultaneous 

reactions. 


16.5 


SIMULTANEOUS REACTIONS 


In developing the equilibrium equation and equilibrium constant expressions of Section 
16.4, it was assumed that there was only a single chemical reaction equation relating the 
substances present in the system. To demonstrate the more general situation in which there 
is more than one chemical reaction, we will now analyze a case involving two simultaneous 
reactions by a procedure analogous to that followed in Section 16.4. These results are then 
readily extended to systems involving several simultaneous reactions. 

Consider a mixture of substances/!, B, C , D, L, M , and N as indicated in Fig. 16.10. 
These substances are assumed to exist at a condition of chemical equilibrium at temperature 
T and pressure P , and are related by the two independent reactions 


(1) v A i4 +v b B ^ v c C +v d D 


(16.19) 


(2) v a2 A +v l L ^ v m M +v n N (16.20) 

We have considered the situation where one of the components (substance A) is 
involved in each of the reactions in order to demonstrate the effect of this condition on the 
resulting equations. As in the previous section, the changes in amounts of the components 
are related by the various stoichiometric coefficients (which are not the same as the number 
of moles of each substance present in the vessel). We also realize that the coefficients v^i 
and v A 2 are not necessarily the same. That is, substance A does not in general take part in 
each of the reactions to the same extent. 

Development of the requirement for equilibrium is completely analogous to that of 
Section 16.4. We consider that each reaction proceeds an infinitesimal amount toward the 
right side. This results in a decrease in the number of moles of A, B, and L, and an increase 
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in the moles of C , D, M , and N . Letting the degrees of reaction be ej and e 2 for reactions 
1 and 2, respectively, the changes in the number of moles are, for infinitesimal shifts from 
the equilibrium composition, 


dn A = -v A id si - v A2 ds 2 

dn B = -m b dei 

dn L = -m l ds 2 

dn c = +v c dei 

dn D = +m d dei 

dn M = +m m de 2 

dn N =+M N de 2 (16.21) 

The change in Gibbs function for the mixture in the vessel at constant temperature 
and pressure is 

dG t,p = G A dn A + Gb dn B + G c dnc + G d dnp + G l dnL + G m dnM + G n dr )« 
Substituting the expressions of Eq. 16.21 and collecting terms, 

dG t,p — (McG c +m b G d — v Al G a — Mb G b) dei 

+ (Mm G m +VnGn — m a 2 G a — MlG l) de 2 (16.22) 


+ ^fl- 


it is convenient to again express each of the partial molal Gibbs functions in terms of 

7 T ttO , B~T \„fyi P 


ide 2 


Equation 16.22 written in this form becomes 
dG T ,P = AG? + RT In 


AGS + RT In 


[ y v c c y v D 

( p ) 

Vc+Vd-Vai-Vb 

1 

[y v A A1 y v B B 



1 

1 1 

(A) 

Vm +Vn —Va 2 — Vl 



(16.23) 


In this equation the standard-state change in Gibbs function for each reaction is defined as 
AG? = vcgc + v Dg° D -v A ig° A -M B g° B (16.24) 

A G° 2 = M M g° M +M N g° N -M A2 g° A -MLg° L (16.25) 

Equation 16.23 expresses the change in Gibbs function of the system at constant T , 
P , for infinitesimal degrees of reaction of both reactions 1 and 2, Eqs. 16.19 and 16.20. 
The requirement for equilibrium is that dG T P = 0. Therefore, since reactions 1 and 2 are 
independent, dei and de 2 can be independently varied. It follows that at equilibrium each 
of the bracketed terms of Eq. 16.23 must be zero. Defining equilibrium constants for the 
two reactions by 


(16.26) 
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and 



(16.27) 


wefind that, at equilibrium 



Vc+Vd— Vai — Vb 


(16.28) 


and 



(16.29) 


These expressions for the equilibrium composition of the mixture must be solved simulta- 
neously. The following example demonstrates and clarifies this procedure. 


EXAMPLE 16.7 One kilomole of water vapor is heated to 3000 K, 0.1 MPa pressure. Determine the 
equilibrium composition, assuming that H 2 0, H 2 , 0 2 , and OH are present. 


C ontrol volume: H eat exchanger. 

Exit state: P,T known. 

Model: ideal-gas mixture at equilibrium. 

Analysis and Solution 

There are two independent reactions relating the four components of the mixture at equi- 
librium. These can be written as 


(1) : 2 H 2 0 ^2H 2 + 0 2 

(2) : 2 H 2 0 ^H 2 + 20H 


Let 2a be the number of kilomolesof water dissociating according to reaction 1 during the 
heating, and let 2b be the number of kilomolesof water dissociating according to reaction 2. 
Si nee the initial composition is 1 kmol water, the changes according to the two reactions are 


(1): 2 H 2 0 ^2H 2 + 0 2 
Change: -2a +2a+a 


(2): 2 H 2 0 ^ H 2 + 2 OH 
Change: -2b +b + 2b 


Therefore, the number of kilomolesof each component at equilibrium is its initial number 
plus the change, so that at equilibrium 


n H20 = 1 - 2a - 2b 
n H2 = 2a +b 
n o 2 = a 
non = 2b 


n = 1 + a +b 
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The overall chemical reaction that occurs during the heating process can be written 

H 2 0 -+ (1 -2a -2b)H 2 0 + (2a +b)H 2 +a0 2 + 2b0H 

The RHS of this expression is the equilibrium composition of the system. Since the 
number of kilomolesof each substance must necessarily be greater than zero, we find that 
the possible values of a and b are restricted to 


a > 0 
b > 0 

(a +b) < 0.5 


The two equilibrium equations are, assuming that the mixture behaves as an ideal gas, 

p \ 2+1-2 


Ki = 


K? = 


y 2 H 2 yp2 

yi+o 

ynJo H 

yn 2 o 


po 

P 

po 


1+2-2 


Since the mole fraction of each component is the ratio of the number of kilomoles of the 
component to the total number of kilomolesof the mixture, these equations can be written 
in the form 


and 


K i 


2 a + b \ 2 / a 
1+a+b) \l + a+b 


/ I - 2a -2b \ 2 
I 1 + a+b ) 

2 a+b \ 2 / a 
l-2a -2b) 1 1 + a+ b 




k 2 


/ 2 a+b \/ 2b \ 2 
V 1 + a + b y V 1 + a +b) 


/I - 2a - 2b\ 2 
V 1 + a+b ) 



/ 2 a+b \/ 2b 
V 1 + a + b / V 1 — 2a — 2b 



giving two equations in the two unknowns a and b, since P = 0.1 M Pa and the values of 
K i, K 2 are known. From Table A .11 at 3000 K, we find 


/C ! = 0.002 062 /C 2 = 0.002 893 

Therefore, the equations can be solved simultaneously fora and b. The values satisfying 
the equations are 


a = 0.0534 b = 0.0551 
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Substituting these values into the expressions for the number of kilomoles of each com- 
ponent and of the mixture, we find the equilibrium mole fractions to be 


yH 2 o = 0.7063 
y h2 = 0.1461 
yo 2 = 0.0482 
yoH — 0.0994 


Theprocedurefollowed in thissection can readily be extended to equilibrium systems 
having more than two independent reactions. In each case, the number of simultaneous 
equilibrium equations is equal to the number of independent reactions. The expression and 
solution of the resulting large set of nonlinear equations require a formal mathematical 
iterative technique and are carried out on a computer. A different approach is typically 
followed in situations including a large number of chemical species. This involves the 
direct minimization of the system Gibbs function G with respect to variations in all of the 
species assumed to be present at the equilibrium state (for example, in Example 16.7 these 
would beH 2 0, H 2 , O 2 , and OH). In general, this is dG = EG^cfn,-, in which theG"/ are each 
given by Eq. 16.10 and the cfn, are the variations in moles. However, the number of changes 
in moles are not all independent, as they are subject to constraints on the total number of 
atoms of each element present (in Example 16.7 these would be H and O). This process 
then results in a set of nonlinear equations equal to the sum of the number of elements 
and the number of species. Again, this set of equations requires a formal iterative solution 
procedure, but this technique is more straightforward and simpler than that utilizing the 
equilibrium constants and equations in situations involving a large number of chemical 
species. 


16.6 


COAL GASIFICATION 


The processes involved with the gasification of coal (or other biomass) begin with heating 
the sol id material to around 300-400°C such that pyrolysis results in a solid char (essentially 
carbon) plus volatile gases (CO 2 , CO, H 2 0, H 2 , some light hydrocarbons) and tar. In the 
gasifier, the char reacts with a small amount of oxygen and steam in the reactions 


C+0.5O 2 ->CO which produces heat (16.30) 

C+H 2 O^H 2 + CO (16.31) 


The resulting gas mixture of H 2 and CO is called syngas. 

Then using appropriate catalysts, there is the water-gas shift equilibrium reaction 

CO +H 2 0 ^H 2 + C0 2 (16.32) 

and the methanation equilibrium reaction 

C0 + 3H 2 ^CH 4 + H 2 0 (16.33) 


Solution of the two equilibrium equations, Eqs. 16.32 and 16.33, depends on the initial 
amounts of 0 2 and H 2 0 that were used to react with char in Eqs. 16.30 and 16.31, and are, 
of course, strongly dependent on temperature and pressure. Relatively low T and high P 
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favor the formation of CH 4 , while high T and low P favor H 2 and CO. Time is also a factor, 
as the mixture may not have time to come to equilibrium in the gasifier. The entire process 
is quite complex but is one that has been thoroughly studied over many years. Finally, it 
should be pointed out that, there are several different processes by which syngas can be 
converted to liquid fuels; this is also an ongoing field of research and development. 


16.7 


IONIZATION 


In this section, we consider the equilibrium of systems that are made up of ionized gases, 
or plasmas, a field that has been studied and applied increasingly in recent years. In previ- 
ous sections, we discussed chemical equilibrium, with a particular emphasis on nolecular 
dissociation, as for example the reaction 


N 2 ^ 2N 

which occurs to an appreciable extent for most molecules only at high temperature, of the 
order of magnitude 3000 to 10 000 K . At still higher temperatures, such as those found in 
electric arcs, the gas becomes ionized. That is, some of the atoms lose an electron, according 
to the reaction 


N ^ N + + e~ 

where N+ denotes a singly ionized nitrogen atom, one that has lost one electron and conse- 
quently has a positive charge, and represents the free electron. As the temperature rises 
still higher, many of the ionized atoms lose another electron, according to the reaction 

N + ^ N ++ + e~ 

and thus become doubly ionized. As the temperature continues to rise, the process continues 
until a temperature is reached at which all the electrons have been stripped from the nucleus. 

Ionization generally is appreciable only at high temperature. However, dissociation 
and ionization both tend to occur to greater extents at low pressure; consequently, disso- 
ciation and ionization may be appreciable in such environments as the upper atmosphere, 
even at moderate temperature. Other effects, such as radiation, will also cause ionization, 
but these effects are not considered here. 

The problems of analyzing the composition in a plasma become much more difficult 
than for an ordinary chemical reaction, for in an el ectri c field thefree electrons in the mixture 
do not exchange energy with the positive ions and neutral atoms at the same rate that they 
do with the field. Consequently, in a plasma in an electric field, the electron gas is not at 
exactly the same temperature as the heavy particles. However, for moderate fields, assuming 
a condition of thermal equilibrium in the plasma is a reasonable approximation, at leastfor 
preliminary calculations. U nder this condition, we can treat the ionization equilibrium in 
exactly the same manner as an ordinary chemical equilibrium analysis. 

At these extremely high temperatures, we may assume that the plasma behaves as an 
ideal-gas mixture of neutral atoms, positive ions, and electron gas. Thus, for the ionization 
of some atomic species A, 


(16.34) 
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EXAMPLE 16.8 


we may write the ionization equilibrium equation in the form 

1+1-1 


K = 


y A+y e - 

yA 


(16.35) 


The ionization-equilibrium constant /C is defined in the ordinary manner 

A G° 

In K = ~^=— (16.36) 

RT 

and is a function of temperature only. The standard-state Gibbs function change for reaction 
16.34 is found from 


ag° = g° A+ + g°- -g° A (16.37) 

The standard-state Gibbs function for each component at the given plasma temperature 
can be calculated using the procedures of statistical thermodynamics, so that ionization- 
equilibrium constants can be tabulated as functions of temperature. 

The ionization-equilibrium equation, Eq. 16.35, is then solved in the same manner 
as an ordinary chemical-reaction equilibrium. 


Calculate the equilibrium composition if argon gas is heated in an arc to 10 000 K, 1 kPa, 
assuming the plasma to consist of Ar, Ar+, e The ionization-equilibrium constant for 
the reaction 

A r A r+ + e~ 


at this temperature is 0.000 42. 

Control volume: Heating arc. 

Exit state: P,T known. 

Model: Ideal-gas mixture at equilibrium. 


Analysis and Solution 

Consider an initial composition of 1 kmol neutral argon, and let z be the number of 
kilomoles ionized during the heating process. Therefore, 


and 



A r a r + 

+ e~ 

initial: 

1 

0 

0 

Change: 

-z 

+z 

+z 

Equilibrium: 

(1-z) z 

z 


n = (1 -z) + z + z= l + z 

Since the number of kilomoles of each component must be positive, the variable z is 
restricted to the range 


0 < z < 1 
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The equilibrium mole fractions are 


Ya r = — 
Ykr 


n Ar 1 — z 


n 1 + z 
n Ar+ z 


n 1 + z 
n e - z 

ye - = X = TT 7 


The equilibrium equation is 


K YAr \P° 
so that, at 10 000 K, 1 kPa, 


YAr+Ye- ( P \ 1+1 1 V 1 + Z A 1 + Z 


z \ z 


0.00042 = 


1-z 2 


1 — z 
1 + Z 


( 0 . 01 ) 


Solving, 


z = 0.2008 


and the composition is found to be 


y Ar = 0.6656 
y Ar + = 0.1672 
Ye- = 0.1672 


16.8 


APPLICATIONS 


Chemical reactions and equilibrium conditions become important in many industrial pro- 
cesses that occur during energy conversion, like combustion. As the temperatures in the 
combustion products are high, a number of chemical reactions may take place that would 
not occur at lower temperatures. Typical examples of these are dissociations that require 
substantial energy to proceed and thus have a profound effect on the resulting mixture 
temperature. To promote chemical reactions in general, catalytic surfaces are used in many 
reactors, which could be platinum pellets, as in a three-way catalytic converter on a car 
exhaust system. We have previously shown some of the reactions that are important in coal 
gasification and some of the home works have a few reactions used in the production of syn- 
thetic fuels from biomass or coal. Production of hydrogen for fuel cell applications is part 
of this class of processes (recall Eqs.16.31- 16.33), and for this it is important to examine 
the effect of both the temperature and the pressure on the final equilibrium mixture. 

One of the chemical reactions that is important in the formation of atmospheric 
pollutants is the formation of NO x (nitrogen-oxygen combinations), which takes place in 
all combustion processes that utilize fuel and air. Formation of NO x happens at higher 
temperatures and consists of nitric oxide (NO) and nitrogen dioxide (NO 2 ); usually NO is 
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the major contributor. This forms from the nitrogen in the air through thefol I owing reactions 
called the extended Zeldovich mechanism: 

1: 0 +N 2 ^ NO + N 

2: N +0 2 ^ NO + 0 (16.38) 

3: N + OH ^ NO + H 

Adding the first two reactions equals the elementary reaction listed in TableA.il as 


4: 0 2 + N 2 ^ 2 NO 


In equilibrium the rate of the forward reaction equals the rate of the reverse reaction. 
However, in nonequilibrium that is notthe case, which is what happens when NO is being 
formed. For smaller concentrations of NO the forward reaction rates are much larger than 
the reverse rates, and they are all sensitive to temperature and pressure. With a model for 
the reactions rates and the concentrations, the rate of formation of N 0 can be described as 


dy NO _ y NOe 
dt tfjo 


(16.39) 


r N0 =CT(P/P 0 )- 1/2 exp( 583 T ° OK ) (16.40) 

whereC = 8 x 10 -16 sK~\ y N o e is the equilibrium NO concentration and r N o i s the ti me 
constant in seconds. For peak T andP, as is typical in an engine, the time scale becomes short 
(1 ms), so the equilibrium concentration is reached very quickly. As the gases expand and 
T, P decrease, the time scale becomes large, typically for the reverse reactions that removes 
NO, and the concentration is frozen at the high level. The equilibrium concentration for NO 
isfound from reaction 4 equilibrium constant K 4 (seeTableA.il), according to E q. 16.16: 

yNOe = [K 4 yo 2e yN2e] 1/2 (16.41) 

To model the total process, including the reverse reaction rates, a more detailed model of 
the combustion product mixture, including the water-gas reaction, is required. 

This simple model does illustrate the importance of the chemical reactions and the 
high sensitivity of NO formation to peak temperature and pressure, which are the primary 
focus in any attempt to design low-emission combustion processes. Oneway of doing this 
is by steam injection, shown in Problems 13.178 and 15.144. Another way is a significant 
bypass flow, as in Problem 15.187. in both cases, the product temperature is reduced as 
much as possible without making the combustion unstable. 

A final example of an application is simultaneous reactions, including dissociations 
and ionization in several steps. When ionization of a gas occurs it becomes a plasma, and to 
a fi rst approxi mati on we agai n make the assumpti on of thermal equi I i bri urn and treat it as an 
ideal gas. The many simultaneous reactions are solved by minimizing the Gibbs function, 
as explained in the end of Section 16.5. Figure 16.11 shows the equilibrium composition 
of air at high temperature and very low density, and indicates the overlapping regions of 
the various dissociations and ionization processes. Notice, for instance, that beyond 3000 K 
there is virtually no diatomic oxygen left, and below that temperature only 0 and NO are 
formed. 


Particles per atom of air 
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FIGURE 16.1 Eq uilibrium composition of air. W. E. Moeckel and K. C. Weston, NACATN 4265 (1958). 


In-Text Concept Questions 

d. W hen dissociations occur after combustion, does T go up or down? 

e. For nearly all the dissociations and ionization reactions, what happens to the compo- 
sition when the pressure is raised? 

f. How does the time scale for NO formation change when P is lower at the sameT? 

g. Which atom in air ionizes first as T increases? W hat is the explanation? 


A short introduction isgiven to equilibrium in general, with application to phase equilibrium 
and chemical equilibrium. From previous analysis with the second law, we have found the 
reversibleshaftwork as the changeinGibbsfunction.T hi sis extended to give the equ: librium 
state as the one with minimum Gibbs function at a given T, P .This also applies to two phases 
in equilibrium, so each phase has the same Gibbs function. 
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KEY CONCEPTS 
AND FORMULAS 


Chemical equilibrium is formulated for a single equilibrium reaction, assuming the 
components are all ideal gases. This leads to an equilibrium equation tying together the mole 
fractions of the components, the pressure, and the reaction constant. The reaction constant 
is related to the shift in the Gibbs function from the reactants (LHS) to the products (RHS) 
at a temperature T . As T or P changes, the equilibrium composition will shift according to 
its sensitivity to T and P . For very large equilibrium constants the reaction is shifted toward 
the RHS, and for very small ones it is shifted toward the LHS. We show how elementary 
reactions can be used in linear combinations and how to find the equilibrium constant for 
this new reaction. 

In most real systems of interest, there are lultiple reactions coming to equilibrium 
simultaneously with a fairly large number of species involved. Often species are present in 
the mixture without participating in the reactions, causing a dilution, so all molefractionsare 
lower than they otherwise would be. As a last example of a reaction, we show an ionization 
process where one or more electrons can be separated from an atom. 

In the final sections, we show special reactions to consider for the gasification of coal, 
which also leads to the production of hydrogen and synthetic fuels. At higher temperatures, 
ionization is important and is shown to be similar to dissociations in the way the reactions 
are treated. Formation of NO x at high temperature is an example of reactions that are rate 
sensitive and of particular importance in all processes that involve combustion with air. 

You should have learned a number of skills and acquired abilities from studying this 
chapter that will allow you to: 

• Apply the principleof a minimum Gibbs function to a phase equilibrium. 

• U nderstand that the concept of equilibrium can include other effects, such as elevation, 
surface tension, and electrical potentials, as well as the concept of metastable states. 

• U nderstand that the chemical equilibrium is written for ideal-gas mixtures. 

• U nderstand the meaning of the shift in Gibbs function due to the reaction. 

• Know when the absolute pressure has an influence on the composition. 

• Know the connection between the reaction scheme and the equilibrium constant. 

• Understand that all species are present and influence the mole fractions. 

• Know that a dilution with an inert gas has an effect. 

• U nderstand the coupling between the chemical equilibrium and the energy equation. 

• 1 ntuitively know that most problems must be solved by iterations. 

• Be able to treat a dissociation added to a combustion process. 

• Be able to treat multiple simultaneous reactions. 

• Know that syngas can be formed from an original fuel. 

• K now what an ionization process is and how to treat it. 

• Know that pollutants like NO x form in a combustion process. 


Gibbs function 
Equilibrium 
Phase equilibrium 
Equilibrium reaction 
Change in Gibbs function 


9 = h - Ts 

M ini mum g for given T,P=>dG T p=0 
9f=9g 

v^A +v b B ov c C +v d D 

A G ° = Vcpc + v d9°d ~ v a9° a - VbC/b evaluate at T, P° 
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Equilibrium constant 


M ole fractions 
Reaction scheme 
Dilution 

Simultaneous reactions 


K = e^ AG °/ fir 


K = 


y v c c y v D 

y v A A y v B 



Vc+Vd-Va-Vb 


y\ = rij/ntot (n to t includes nonreacting species) 
Reaction scheme 1 1 1 = a I + b II =>• /C m = KfKfi 
reaction the same, y’s are smaller 
Ki,K 2 ,-.. and morey's 


CONCEPT-STUDY GUIDE PROBLEMS 

16.1 Is the concept of equilibrium limited to thermody- 
namics? 

16.2 How does the Gibbs function vary with quality as 
you move from liquid to vapor? 

16.3 How is a chemical equilibrium process different 
from a combustion process? 

16.4 M ustP andT be held fixed to obtain chemical equi- 
librium? 

16.5 The change in the Gibbs function A G° for a reac- 
tion is a function of which property? 

16.6 In a steady-flow burner, T is not controlled; which 
properties are? 

16.7 In a closed rigid-combustion bomb, which proper- 
ties are held fixed? 

16.8 Is the dissociation of water pressure sensitive? 

16.9 At 298 K, K = exp( — 184) for the water dissocia- 
tion; what does that imply? 

16.10 If a reaction is insensitive to pressure, prove that it 
is also insensitive to dilution effects at a given T. 


16.11 For a pressure-sensitive reaction, an inert gas 
is added (dilution); how does the reaction 
shift? 

16.12 I n a combusti on process, i s the adi abati c fl ame tem- 
perature affected by reactions? 

16.13 In equilibrium, the Gibbs function of the reac- 
tants and the products is the same; how about the 
energy? 

16.14 Does a dissociation process require energy or does 
it give out energy? 

16.15 If I consider the nonfrozen (composition can vary) 
heat capacity but still assume that all components 
are ideal gases, does that C become a function of 
temperature? Of pressure? 

16.16 What is K for the water-gas reaction in Example 
16.4 at 1200 K? 

16.17 What would happen to the concentrations of the 
monatomic species like 0 and N if the pressure is 
higher in Fig. 16.11? 


HOMEWORK PROBLEMS 

Equilibrium and Phase Equilibrium 

16.18 Carbon dioxide at 15 MPa is injected into the 
top of a 5-km-deep well in connection with an 
enhanced oil-recovery process. The fluid column 
standing in the well is at a uniform temperature 
of 40°C . W hat i s the pressure at the bottom of the 
well, assuming ideal-gas behavior? 

16.19 Consider a 2-km-deep gas well containing a gas 
mixture of methane and ethane at a uniform tem- 
perature of 30°C. The pressure at the top of the 
well is 14 M Pa, and the composition on a mole 
basis is 90% methane, 10% ethane. Each compo- 


nent is in equilibrium (top to bottom), with dG + 
g dZ = 0, and assume ideal gas; so, for each com- 
ponent, Eq. 16. 10 applies. Determine the pressure 
and composition at the bottom of the well. 

16.20 A container has liquid water at 20°C, 100 kPa, in 
equilibrium with a mixture of water vapor and dry 
air also at 20°C, 100 kPa. What is the water va- 
por pressure and what i s the saturated water vapor 
pressure? 

16.21 U sing the same assumptions as those in develop- 
ing Eq. d in Example 16.1, develop an expression 
for pressure at the bottom of a deep column of 
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liquid in terms of the isothermal compressibility, 
Pt. For liquid water at 20°C, we know that p T = 
0.0005 [1/M Pa], Use the answer to the first ques- 
tion to estimate the pressure in the Pacific Ocean 
at a depth of 3 km. 

Chemical Equilibrium, Equilibrium Constant 

16.22 Which of the reactions listed in Table A. 11 are 
pressure sensitive? 

16.23 Calculate theequilibrium constant for the reach on 
0 2 ^ 20 at temperatures of 298 K and 6000 K . 
Verify the result with Table A .11. 

16.24 Calculate theequilibrium constant for the reach on 
H 2 ^ 2H at a temperature of 2000 K , usi ng prop- 
erties from Table A .9. Compare the result with the 
value listed in Table A .11. 

16.25 For the dissociation of oxygen, 0 2 20, around 

2000 K, we want a mathematical expression for 
the equilibrium constant K ( T ). Assume constant 
heat capacity, at 2000 K , for 0 2 and O from Table 
A. 9 and develop the expression from Eqs. 16.12 
and 16.15. 

16.26 Find K for C0 2 <$■ CO + j0 2 at 3000 K using 
TableA.il. 

16.27 Plot to scale the values of In K versus 1 IT for the 
reaction 2C0 2 ^ 2CO + 0 2 . Write an equation 
for In K as a function of temperature. 

16.28 Consider the reaction 2C0 2 2CO + 0 2 ob- 
tained after heating 1 kmol C0 2 to 3000 K. Find 
the equilibrium constant from the shift in Gibbs 
function and verify its value with the entry in Table 
A .11. W hat is the mole fraction of CO at 3000 K, 
100 kPa? 

16.29 Assume that a diatomic gas like 0 2 or N 2 dis- 
sociates at a pressure different from P°. Find an 
expression for the fraction of the original gas that 
has dissociated at any T, assuming equilibrium. 

16.30 Consider the dissociation of oxygen, 0 2 <s> 20, 
starting with 1 kmol oxygen at 298 K and heating 
it at constant pressure 100 kPa. At which temper- 
ature will we reach a concentration of monatomic 
oxygen of 10%? 

16.31 Redo Problem 16.30, butstartwith 1 kmol oxygen 
and 1 kmol helium at 298 K, 100 kPa. 

16.32 Calculate theequilibrium constant for the reach on 
2C0 2 ^ 2CO + 0 2 at 3000 K using values from 
Table A .9 and compare the result to Table A .11. 


16.33 H ydrogen gas is heated from room temperature 
to 4000 K, 500 kPa, at which state the diatomic 
species has partially dissociated to the monatomic 
form. Determine the equilibrium composition at 
this state. 

16.34 Pure oxygen is heated from 25°C to 3200 K in 
a steady-state process at a constant pressure of 
200 kPa. Find the exit composition and the heat 
transfer. 

16.35 Nitrogen gas, N 2 , is heated to 4000 K, 10 kPa. 
What fraction of the N 2 is dissociated to N at this 
state? 

16.36 Find the equilibrium constant for CO + 

j0 2 C0 2 at 2200 K usingTableA.il. 

16.37 Find the equilibrium constant for the reaction 
2 NO + 0 2 ^ 2 N 0 2 from the elementary reac- 
tions in Table A .11 to answer the question: which 
of the nitrogen oxides, NO or N 0 2 , is more stable 
at ambient conditions? What about at 2000 K? 

16.38 One kilomole Ar and one ki lomol e 0 2 are heated 
at a constant pressure of 100 kPato 3200 K, where 
they cometo equilibrium. Findthefinal molefrac- 
tions for Ar, 0 2 , and 0. 

16.39 Air (assumed to be 79% nitrogen and 21% oxy- 
gen) is heated in a steady-state process at a con- 
stant pressure of 100 kPa, and some NO is formed 
(disregard dissociations of N 2 and 0 2 ). At what 
temperature will the mole fraction of NO be 
0 . 001 ? 

16.40 Assume the equilibrium molefractions of oxygen 
and nitrogen are close to those in air. Find the 
equilibrium mole fraction for NO at 3000 K, 500 
kPa, disregarding dissociations. 

16.41 The combustion products from burning pentane, 
C 5 H i 2 , with pure oxygen in a stoichiometric ratio 
exit at 2400 K, 100 kPa. Consider the dissocia- 
tion of only C0 2 and find the equilibrium mole 
fraction of CO. 

16.42 Pureoxygenisheatedfrom25°C, 100 kPa, to 3200 
Kina constant-volume container. Find the final 
pressure, composition, and heat transfer. 

16.43 Combustion of stoichiometric benzene, C 6 FH 6 , and 
air at 80 kPa with a slight heat loss gives a flame 
temperature of 2400 K. Consider the dissociation 
of C0 2 to CO and 0 2 astheonly equilibrium pro- 
cess possible. Find the fraction of theC0 2 that is 
dissociated. 
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16.44 A mixtureof 1 kmol CO 2 , 2 kmol CO, and 2 kmol 
0 2 , at 25°C, 150 kPa, is heated in a constant- 
pressure steady-state process to 3000 K . Assum- 
ing that only these substances are present in the 
exiting chemical equilibrium mixture, determine 
the composition of that mixture. 

16.45 Consider combustionof CH 4 withO formingC02 
and H 2 0 as the products. Find the equilibrium 
constant for the reaction at 1000 K . U se an aver- 
age heat capacity of C p = 52 kj/kmol K for the 
fuel and Table A .9 for the other components. 

16.46 Repeat Problem 16.44 for an initial mixture that 
also i ncl udes 2 kmol N 2 , which doesnotdissociate 
during the process. 

16.47 A mixture flows with 2 kmol/s CO 2 , 1 kmol/s 
argon, and 1 kmol/sCO at 298 K and itisheatedto 
3000 K at constant 100 kPa. Assume the dissoci- 
ation of CO 2 istheonly equilibrium process to be 
considered. Find the exitequilibrium composition 
and the heat transfer rate. 

16.48 C atalytic gas generators are frequently used to de- 
compose a liquid, providing a desired gas mixture 
(spacecraft control systems, fuel cell gas supply, 
and so forth). Consider feeding pure liquid hy- 
drazine, N 2 H 4 , to a gas generator, from which ex- 
its a gas mixture of N 2 , H 2 , and N H 3 in chemi- 
cal equilibrium at 100°C, 350 kPa. Calculate the 
mole fractions of the species in the equilibrium 
mixture. 

16.49 Water from the combustion of hydrogen and pure 
oxygen is at 3800 K and 50 kPa. A ssume we only 
haveH 2 0, 0 2 , and H 2 as gases. Find the equilib- 
rium composition. 

16.50 Complete combustion of hydrogen and pure oxy- 
gen in a stoichiometric ratio atP 0 ,T 0 to form water 
would result in a computed adiabatic flame tem- 
perature of 4990 K for a steady-state setup. Flow 
should the adiabatic flame temperature be found 
if the equilibrium reaction 2H 2 + O 2 ^ 2H 2 0 is 
considered? Disregard all other possible reactions 
(dissociations) and show the final equation(s) to 
be solved. 

16.51 The van't H off equation 

A /-/ 0 

dlnK = -=—dTpo 
RT 2 p 

relates the chemical equilibrium constant K to the 
enthalpy of reaction AH 0 . From the value of K 


in Table A .11 for the dissociation of hydrogen at 
2000 K and thevalueof AH 0 calculated from Ta- 
ble A .9 at 2000 K, use the van't FI off equation to 
predict the equilibrium constant at 2400 K. 

16.52 Consider thewater-gas reaction in Examplel6.4. 
Find the equilibrium constant at 500, 1000, 1200, 
and 1400 K. What can you infer from the 
result? 

16.53 A piston/cylinder contains 0.1 kmol H 2 and 0.1 
kmol Ar gas at 25°C, 200 kPa. It is heated in a 
constant-pressure process, so the mole fraction of 
atomic hydrogen, H, is 10%. Find the final tem- 
perature and the heat transfer needed. 

16.54 A tank containsO.l kmol H 2 and 0.1 kmol Argas 
at25°C, 200 kPa, and the tank maintains constant 
volume. To what T should it be heated to have a 
mole fraction of atomic hydrogen, FI , of 10%? 

16.55 A gas mixture of 1 kmol CO, 1 kmol N 2 , and 
1 kmol O 2 at 25°C, 150 kPa, is heated in a 
constant-pressure steady-state process. The exit 
mixture can be assumed to be in chemical equi- 
librium with CO 2 , CO, O 2 , and N 2 present. The 
mole fraction of CO 2 at this point is 0.176. Cal- 
culate the heat transfer for the process. 

16.56 A liquid fuel can be produced from a lighter fuel 
in a catalytic reactor according to 

C2H4 + H2O ^C 2 H 5 OH 

Show that the equilibrium constant is In K = 
-6.691 at 700 K, using C p = 63 kj/kmol K for 
ethylene and C p = 115 kj/kmol K for ethanol at 
500 K. 

16.57 A step in the production of a synthetic liquid fuel 
from organic waste material is the fol lowi ng con- 
version process at 5 M Pa: 1 kmol ethylene gas 
(converted from the waste) at 25°C and 2 kmol 
steam at 300°C enter a catalytic reactor. A n ideal 
gas mixture of ethanol, ethylene, and water in 
equilibrium (seethe previous problem.) leaves the 
reactor at 700 K, 5 M Pa. Determine the composi- 
tion of the mixture. 

16.58 A rigid container initially contains 2 kmol CO 
and 2 kmol O 2 at 25°C, 100 kPa. The content is 
then heated to 3000 K, at which point an equi- 
librium mixture of CO 2 , CO, and O 2 exists. Dis- 
regard other possible species and determine the 
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final pressure, the equilibrium composition, and 
the heat transfer for the process. 

16.59 Use the information in Problem 16.81 to estimate 
the enthalpy of reaction, AH °, at 700 K using the 
van't Hoff equation (see Problem 16.51) with fi- 
nite differences for the derivatives. 

16.60 Acetylene gas at 25°C is burned with 140% the- 
oretical air, which enters the burner at 25°C, 100 
kPa, 80% relativehumidity.Thecombustion prod- 
ucts form a mixture of CO 2 , H 2 O, N 2 , 0 2 , and NO 
in chemical equilibrium at 2200 K, 100 kPa. This 
mixture is then cooled to 1000 K very rapidly, so 
that the composition does not change. Determine 
the mole fraction of NO in the products and the 
heat transfer for the overall process. 

16.61 An important step in the manufacture of chem- 
ical fertilizer is the production of ammonia ac- 
cording to the reaction N 2 + 3H 2 <$■ 2N H 3 . Show 
that the equilibrium constant is K = 6.202 at 
150°C. 

16.62 Consider the previous reaction in equilibrium at 
150°C, 5 M Pa. For an initial composition of 25% 
nitrogen, 75% hydrogen, on a mole basis, calcu- 
late the equilibrium composition. 

16.63 M ethane at 25°C, 100 kPa, is burned with 200% 
theoretical oxygen at 400 K, 100 kPa, in an adi- 
abatic steady-state process, and the products of 
combustion exit at 100 kPa. Assume that the only 
significant dissociation reaction in the products is 
that of CO 2 going to CO and O 2 . Determine the 
equilibrium composition of the products and also 
thei r temperature at the combustor exit. 

16.64 Calculate the irreversibility for the adiabatic 
combustion process described in the previous 
problem. 

16.65 One kilomole of C0 2 and 1 kmol of H 2 at room 
temperature and 200 kPa is heated to 1200 K, 200 
kPa. Use the water-gas reaction to determine the 
molefraction of CO. Neglect dissociations of H 2 
and O 2 . 

16.66 Hydrides are rare earth metals, M , that have the 
ability to react with hydrogen to form a different 
substance M H x with a release of energy. The hy- 
drogen can then be released, the reaction reversed, 
by heat addition to the M H x . In this reaction only 
the hydrogen isa gas, so theformula developed for 
the chemical equilibrium is inappropriate. Show 


that the proper expression to be used instead of 
Eq. 16.14 is 

In (P H 2 Po) = AG °/RT 

when the reaction is scaled to 1 kmol of H 2 . 

Simultaneous Reactions 

16.67 For the process in Problem 16.47, should the dis- 
sociation of oxygen also be considered? Provide 
a verbal answer but one supported by number(s). 

16.68 Which other reactions should be considered in 
Problem 16.50 and which components will be 
present in the final mixture? 

16.69 Ethane is burned with 150% theoretical air in a 
gas-turbine combustor. The products exiting con- 
sist of a mixture of CO 2 , H 2 O, O 2 , N 2 , and NO 
in chemical equilibrium at 1800 K, 1 M Pa. Deter- 
mine the mole fraction of NO in the products. Is 
it reasonable to ignore CO in the products? 

16.70 A mixture of 1 kmol H 2 0 and 1 kmol O 2 at 400 
K is heated to 3000 K, 200 kPa, in a steady-state 
process. Determine the equilibrium composition 
at the outlet of the heat exchanger, assuming that 
the mixture consists of H 2 0, H 2 , O 2 , and OH . 

16.71 Assume dry air (79% N 2 and 21% O 2 ) is heated 
to 2000 K in a steady-flow process at 200 kPaand 
only the reactions listed in Table A .11 (and their 
linear combinations) are possible. Find the final 
composition (anything smaller than 1 ppm is ne- 
glected) and the heat transfer needed for 1 kmol 
of air in. 

16.72 One kilomole of water vapor at 100 kPa, 400 K, 
is heated to 3000 Kina constant-pressure flow 
process. Determine the final composition, assum- 
ing that H 2 0, H 2 , H, 0 2 , and OH are present at 
equilibrium. 

16.73 Water from the combustion of hydrogen and pure 
oxygen is at 3800 K and 50 kPa. A ssume we only 
have H 2 O, 0 2 , OH, and H 2 as gases with the two 
simple water dissociation reactions active. Find 
the equilibrium composition. 

16.74 Methane is burned with theoretical oxygen in a 
steady-state process, and the products exit the 
combustion chamber at 3200 K, 700 kPa. Cal- 
culate the equilibrium composition at this state, 
assuming that only CO 2 , CO, H 2 0, H 2 , O 2 , and 
OH are present. 
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16.75 Butane is burned with 200% theoretical air, and 
the products of combustion, an equilibrium mix- 
ture containing only CO 2 , H 2 0, O 2 , N 2 , NO, 
and N O 2 , exits from the combustion chamber at 
1400 K, 2 M Pa. Determine the equilibrium com- 
position at this state. 

16.76 Onekilomoleof air (assumed to be 78% N 2 , 21% 
0 2 , and 1% A r) at room temperature is heated to 
4000 K, 200 kPa. Find the equilibrium composi- 
tion at this state, assuming that only N 2 , 0 2 , NO, 
0, and A rare present. 

16.77 Acetylenegasandxtimestheoretical air(x > 1) at 
room temperature and 500 kPa are burned at con- 
stant pressure in an adiabatic flow process. The 
flame temperature is 2600 K, and the combustion 
products are assumed to consist of N 2 , 0 2 , C0 2 , 
H 2 0, CO, and NO. Determine thevalueof x. 


Gasification 

16.78 Oneapproach to using hydrocarbon fuels in a fuel 
cell is to "reform" the hydrocarbon to obtain hy- 
drogen, which isthen fed to the fuel cell. As part 
of the analysis of such a procedure, consider the 
reaction CH 4 + H 2 0^3H2 + C0.D etermi ne the 
equilibrium constant for this reaction atatemper- 
ature of 800 K . 

16.79 A coal gasifier produces a mixture of 1 CO and 
2 H 2 that is fed to a catalytic converter to produce 
methane. This is the methanation reaction in Eq. 
16.33 with an equilibrium constant at 600 K of 
K = 1.83 x 10 6 . W hat is the composition of the 
exit flow, assuming a pressure of 600 kPa? 

16.80 Gasification of char (primarily carbon) with steam 
following coal pyrolysis yields a gas mixture of 
1 kmol CO and 1 kmol H 2 . We wish to upgrade 
theH 2 content of this syngas fuel mixture, so it is 
fed to an appropriate catalytic reactor along with 
1 kmol of H 2 0. Exiting the reactor is a chemi- 
cal equilibrium gas mixture of CO, H 2 , H 2 0, and 
CO 2 at 600 K, 500 kPa. Determine the equilibrium 
composition. Note: See Example 16.4. 

16.81 The equilibrium reaction with methane as 
CH 4 ^ C + 2H 2 has In K = -0.3362 at 800 K 
and In K = -4.607 at 600 K . Noting the relation 
ofK to temperature, show how you would interpo- 
late In K in (1/T) to find K at 700 K and compare 
that to a linear interpolation. 


16.82 0 ne approach to usi ng hydrocarbon fuel s i n a fuel 
cell is to "reform" the hydrocarbon to obtain hy- 
drogen, which isthen fed to the fuel cell. Asa part 
of the analysis of such a procedure, consider the 
reaction CH 4 + H 2 0 CO + 3H 2 . Onekilomole 
each of methane and water are fed to a catalytic re- 
former. A mixtureof CH 4 , H 2 O, H 2 , and CO exits 
in chemical equilibrium at 800 K, 100 kPa; deter- 
mine the equilibrium composition of this mixture 
using an equilibrium constant of K = 0.0237. 

16.83 Consider a gasifier that receives 4 kmol CO, 
3 kmol H 2 , and 3.76 kmol N 2 and bri ngs the mix- 
ture to equilibrium at 900 K, 1 M Pa, with the fol- 
lowing reaction: 

2CO +2H 2 CH 4 + C0 2 

which is the sum of Eqs. 16.32 and 16.33. If the 
equilibrium constant is K = 2.679, find the exit 
flow composition. 

16.84 Consider the production of a synthetic fuel 
(methanol) from coal. A gas mixture of 50% CO 
and 50% H 2 leaves a coal gasifier at 500 K, 1 M Pa, 
and enters a catalytic converter. A gas mixture of 
methanol, CO, and H 2 in chemical equilibrium 
with the reaction CO + 2H 2 ^ C H 3 0 H leaves 
the converter at the same temperature and pres- 
sure, where it is known that In K = -5.119. 

a. Calculate the equilibrium composition of the 
mixture leaving the converter. 

b. Would it be more desirable to operate the con- 
verter at ambient pressure? 

I onization 

16.85 At 10 000 K the ionization reaction for Ar as 
Ar Ar+ + e - has an equilibrium constant of 
K — 4.2 x 10~ 4 . W hat should the pressure be for 
a mole concentration of argon ions (Ar+) of 10%? 

16.86 Repeat the previous problem, assuming the argon 
constitutes 1% of a gas mixture where we neglect 
any reactions of other gases and find the pressure 
that will givea mole concentration of A r+ of 0.1%. 

16.87 Operation ofanMHD converter requires an elec- 
trically conducting gas. A helium gas "seeded" 
with 1.0 mole percent cesium, as shown in Fig. 
P16.87, is used where the cesium is partly ion- 
ized (Cs ^ Cs + + e - ) by heating the mixture to 
1800K, 1M Pa,inanuclearreactortoprovidefree 
electrons. No helium is ionized in this process, so 
that the mixture enteri ng the converter consists of 
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He, Cs, Cs+, and e~. Determine the mole frac- 
tion of electrons in the mixture at 1800 K, where 
In K = 1.402 for the cesium ionization reaction 
descri bed. 


Electrical 
power out 



(He, Cs, Cs + , e~) 

FIGURE PI 6.87 

16.88 One kilomole of Ar gas at room temperature is 
heated to 20 000 K, 100 kPa. Assume that the 
plasma in this condition consists of an equilib- 
rium mixture of Ar, Ar + , Ar ++ , ande~ according 
to the simultaneous reactions 

(l)Ar^Ar+ + e _ (2) Ar+ ^ Ar ++ + e _ 

The ionization equilibrium constants for these re- 
actions at 20 000 K have been calculated from 
spectroscopic data as In K i = 3.11 and In K 2 = 
-4.92. Determine the equilibrium composition of 
the plasma. 

16.89 At 10 000 K the two ionization reactions for N 
and A r as 

(1) A r A r + + e~ (2) N l\l + + e - 

have equilibrium constants of K 1 = 4.2 x 10~ 4 
and /C 2 = 6.3 x 10 4 , respectively. If we start 
out with 1 kmol A r and 0.5 kmol N 2 , what is the 
equilibrium composition at a pressure of 10 kPa? 

16.90 Plot to scale the equilibrium composition of ni- 
trogen at 10 kPa over the temperature range 5000 
K to 15 000 K, assuming that N 2 , N, N+, and 
e~ are present. For the ionization reaction N ^ 
N+ + e~, the ionization equilibrium constant K 
has been calculated from spectroscopic data as 


T [K] 

10 000 

12 000 

14 000 

16 000 

100K 

6.26 x 10- 2 

1.51 

15.1 

92 


Applications 

16.91 Are the three reactions in the Zeldovich mecha- 
nism pressure sensitive if we look at equilibrium 
conditions? 

16.92 Assume air is at 3000 K, 1 M Pa. Find the time 
constant for NO formation. Repeat for 2000 K, 
800 kPa. 

16.93 Consider air at 2600 K, 1 M Pa. Find the equi- 
librium concentration of NO, neglecting dissoci- 
ations of oxygen and nitrogen. 

16.94 Redo the previous problem but include the disso- 
ciation of oxygen and nitrogen. 

16.95 Calculate the equilibrium constant for the first re- 
action in theZeldovich mechanism at 2600 K , 500 
kPa. Notice that this is not listed in Table A .11. 

16.96 Find the equilibrium constant for the reaction 

2NO + 0 2 2N0 2 from the elementary reac- 

tion in Table A .11 to answer these two questions: 
Which nitrogen oxide, NO orN0 2 , is more stable 
at25°C, 100 kPa? At what T do we have an equal 
amount of each? 

16.97 If air at 300 K is brought to 2600 K, 1 M Pa, in- 
stantly, find the formation rate of NO. 

16.98 Estimate the concentration of oxygen atoms in air 
at 3000 K, 100 kPa, and 0.0001 kPa. Compare this 
to the result in Fig. 16.11. 

16.99 At what temperature range does air become a 
plasma? 

Review Problems 

16.100 In a test of a gas-turbine combustor, saturated- 
liquid methane at 115 K is burned with excess air 
to hold the adiabatic flame temperature to 1600 K. 

1 1 i s assumed that the products consist of a mixture 
of C0 2 , H 2 0, N 2 , 0 2 , and NO in chemical equi- 
librium. Determine the percent excess air used in 
the combustion and the percentage of NO in the 
products. 

16.101 Find the equilibrium constant for the reaction in 
Problem 16.83. 

16.102 A space heating unitin Alaska uses propane com- 
bustion as the heat supply. Liquid propane comes 
from an outside tank at -44°C, and the air sup- 
ply is also taken in from the outside at -44°C. 
The air flow regulator is misadjusted, such that 
only 90% of the theoretical air enters the combus- 
tion chamber, resulting in incompletecombustion. 
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The products exitatlOOO K asachemical equilib- 
rium gas mixture, including only CO 2 , CO, H 2 O, 
H 2 , and N 2 . Find the composition of the products. 
Hint : Use the water gas reaction in Examplel6.4. 

16.103 Derive the van't Hoff equation given in Prob- 
lem 16.51, using Eqs. 16.12 and 16.15. Note: The 
dig/T ) at constant P° for each component can be 
expressed using the relations in Eqs. 14.18 and 
14.19. 

16.104 Repeat Problem 16.21 using the generalized 
charts, instead of ideal-gas behavior. 

16.105 Find the equilibrium constant for Eq. 16.33 at 
600 K (see Problem 16.79). 

16.106 One kilomoleof liquid oxygen, 0 2 , at 93 K , andx 
kmol of gaseous hydrogen, H 2 , at25°C, are fed to 
a combustion chamber (x is greater than 2) such 
that there is excess hydrogen for the combustion 
process. There is a heat loss from the chamber 
of 1000 kj per kmol of reactants. Products exit 
the chamber at chemical equilibrium at 3800 K, 


400 kPa, and are assumed to include only H 2 0, 
H 2 , and 0. 

a. Determine the equilibrium composition of the 
products and x, the amount of H 2 entering the 
combustion chamber. 

b. Should another substance(s) have been in- 
cluded in part (a) as being present in the prod- 
ucts? J ustify your answer. 

16.107 Dry air is heated from 25°C to 4000 Kina 100- 
kPa constant-pressure process. List the possible 
reactions that may take place and determine the 
equilibrium composition. Find the required heat 
transfer. 

16.108 Saturated liquid butane (note: use generalized 
charts) entersan insulated constant-pressure com- 
bustion chamber at 25°C, and x times theoretical 
oxygen gas enters at the same pressure and tem- 
perature. T he combusti on products exit at 3400 K . 
Assuming that the products are a chemical equi- 
librium gas mixture that includes CO, what isx? 


ENGLISH UNIT PROBLEMS 

16. 109 1: CO 2 at 2200 lbf/in. 2 is injected into the top of a 
3-mi-deep well in connection with an enhanced 
oil recovery process. The fluid column standing 
in the well is at a uniform temperature of 100 F. 
What is the pressure at the bottom of the well, 
assuming ideal-gas behavior? 

16.110E Find the equilibrium constant for C0 2 CO + 
i0 2 at 3960 R using Table A .11. 

16.111E Calculate the equilibrium constant for the re- 
action O 2 20 at temperatures of 537 R and 
10 800 R. 

16.112E Consider the dissociation of oxygen, 0 2 20, 

starting with 1 Ibmol oxygen at 77 F and heating 
it at constant pressure, 1 atm. At what tempera- 
ture will we reach a concentration of monatomic 
oxygen of 10%? 

16.113 Redo Problem 16.112, but start with 1 Ibmol 
oxygen and 1 Ibmol helium at 77 F, 1 atm. 

16.114E Pure oxygen is heated from 77 F to 5300 F in 
a steady-state process at a constant pressure of 
30 lbf/in. 2 . Find the exit composition and the 
heat transfer. 

16.115E Air (assumed to be 79% nitrogen and 21% oxy- 
gen) is heated in a steady-state process at a con- 


stant pressure of 14.7 lbf/in. 2 , and some NO is 
formed. Atwhat tern peraturewill themolefrac- 
tion of NO be 0.001? 

16.116E Thecombustion productsfrom burning pentane, 
C5H12, with pure oxygen in a stoichiometric ra- 
tio exit at 4400 R. Consider the dissociation of 
only CO 2 and find theequilibrium molefraction 
of CO. 

16.117E Pure oxygen is heated from 77 F, 14.7 lbf/in. 2 , to 
5300 F in a constant-volume container. Find the 
final pressure, composition, and the heat trans- 
fer. 

16.118E Assume the equilibrium mole fractions of oxy- 
gen and nitrogen are close to those in air. Find 
theequilibrium mole fraction for NO at 5400 R, 
75 psia, disregarding dissociations. 

16.119E Use the information in Problem 16.129E to 
estimate the enthalpy of reaction, AH 0 , at 
1260 R using the van't Hoff equation (see Prob- 
lem 16.51) with finite differences for the deriva- 
tives. 

16.120 A gas mixture of 1 Ibmol CO, 1 Ibmol N 2 , and 
1 Ibmol O 2 at 77 F, 20 psia, is heated in a 
constant-pressure process. The exit mixture can 
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be assumed to be in chemical equilibrium with 
CO 2 , CO, 0 2 , and N 2 present. The mole fraction 
of CO at this poiunt is 0.176. Calculate the heat 
transfer for the process. 

16.121E Acetylene gas at 77 F is burned with 140% the- 
oretical air, which enters the burner at 77 F, 
14.7 lbf/in. 2 , 80% relative humidity. The com- 
bustion products form a mixture of CO 2 , H 20 , 
N 2 , 02 . and NO in chemical equilibrium at 3500 
F, 14.7 lbf/in. 2 . This mixture is then cooled to 
1340 F very rapidly so thatthecomposition does 
not change. Determine the mole fraction of NO 
i n the products and the heat transfer for the over- 
all process. 

16.122E A n i mportant step i n the manufacture of chem- 
ical fertilizer is the production of ammonia, ac- 
cording to the reaction N 2 + 3H 2 <$■ 2N FI 3 . Show 
that the equilibrium constant is K = 6.826 at 
300 F. 

16.123 : Consider the previous reaction in equilibrium at 
300 F, 750 psia. For an initial composition of 
25% nitrogen, 75% hydrogen, on a mole basis, 
calculate the equilibrium composition. 

16.124T Ethane is burned with 150% theoretical air in 
a gas-turbine combustor. The products exiting 
consist of a mixture of C0 2 , H 2 0, 0 2 , N 2 , 
and NO in chemical equilibrium at 2800 F, 
150 lbf/in. 2 . Determine the molefraction of NO 
in the products. Is it reasonableto ignoreCO in 
the products? 

16.125 One-pound moleof water vapor at 14.7 lbf/in. 2 , 
720 R, is heated to 5400 Rina constant-pressure 
flow process. Determine the final composition, 
assuming that H 2 O, H 2 , H, O 2 , and 0 H are 
present at equilibrium. 

16.126E Methane is burned with theoretical oxygen in 
a steady-state process, and the products exit the 


combustion chamber at 5300 F, 100 lbf/in. 2 . Cal- 
culate the equilibrium composition at this state, 
assuming that only C0 2 , CO, H 2 0, Fl 2 , 0 2 , and 
OH are present. 

16.127 One-pound mole of air (assumed to be 78% ni- 
trogen, 21% oxygen, and 1% argon) at room 
temperature is heated to 7200 R, 30 lbf/in. 2 . 
Find the equilibrium composition at this state, 
assuming that only N 2 , O 2 , NO, 0, and Ar are 
present. 

16.1285 Acetylenegasandxtimestheoretical air(x> 1) 
at room temperature, and 75 lbf/in. 2 are burned 
at constant pressure in an adiabatic flow pro- 
cess. The flame temperature is 4600 R, and the 
combustion products are assumed to consist of 
N 2 , 0 2 , C0 2 , H 2 0, CO, and NO. Determine the 
value of x. 

16.129 The equilibrium reaction with methane as 
CH 4 ^C +2H 2 has In K =-0.3362 at 1440 R 
and In K = -4.607 at 1080 R. By noting the re- 
lation of K to temperature, show how you would 
interpolate In K in (1/T) to find K at 1260 Rand 
compare that to a linear interpolation. 

16.1305 In a test of a gas-turbine combustor, saturated- 
liquid methane at 210 R is to be burned with 
excess air to hold the adiabatic flame temper- 
ature to 2880 R. It is assumed that the prod- 
ucts consist of a mixture of C0 2 , H 2 0, N 2 , 
O 2 , and NO in chemical equilibrium. Deter- 
mine the percent excess air used in the com- 
bustion, and the percentage of NO in the 
products. 

16.131E Dry air is heated from 77 F to 7200 R in a 
14.7 lbf/in. 2 constant-pressure process. List the 
possible reactions that may take place and de- 
termine the equilibrium composition. Find the 
required heat transfer. 


COMPUTER, DESIGN, AND OPEN-ENDED PROBLEMS 


16.132 Writea program to solve the general caseof Prob- 
lem 16.57, in which the relative amount of steam 
i nput and the reactor temperature and pressure are 
program input variables and use constant specific 
heats. 

16.133 Write a program to solve the following prob- 
lem. One kmol of carbon at 25°C is burned with 


b kmol of oxygen in a constant-pressure adia- 
batic process. The products consist of an equi- 
librium mixture of CO 2 , CO, and O 2 . We wish 
to determine the flame temperature for various 
combinations of b and the pressure P, assuming 
constant specific heat for the components from 
Table A. 5. 
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16.134 Study the chemical reactions thattake place when 
CFC-type refrigerants are released into the atmo- 
sphere. The chlorine may create compounds as 
HCI and CION 0 2 that react with the ozone 0 3 . 

16.135 Examinethechemical equilibriumthattakesplace 
in an engine where CO and various nitrogen- 
oxygen compounds summarized as N 0 X may be 
formed. Study the processes for a range of air- 
fuel ratios and temperatures for typical fuels. A re 
there important reactions not listed in the book? 

16.136 A number of products may be produced from the 
conversion of organic waste that can be used as 
fuel (see Problem 16.57). Study the subject and 
make a list of the major products that are formed 
and the conditions at which they are formed in 
desi rable concentrations. 

16.137 The hydrides as explained in Problem 16.66 can 
store large amounts of hydrogen. The penalty for 
the storage is that energy must be supplied when 
the hydrogen is released. Investigate the litera- 
ture for quantitative information about the quan- 
tities and energy involved in such a hydrogen 
storage. 

16.138 The hydrides explained in Problem 16.66 can be 
used in a chemical heat pump. The energy in- 


volved in the chemical reaction can be added and 
removed at different temperatures. For some hy- 
drides, these temperatures are low enough to make 
them feasible for heat pumps for heat upgrade, 
refrigerators, and air conditioners, investigate the 
literature for such applications and givesometyp- 
ical values for these systems. 

16.139 Power plants and engines have high peak temper- 
atures in the combustion products where NO is 
produced. The equilibrium NO level at the high 
temperature is frozen at that level during the rapid 
drop in temperature with the expansion. The fi- 
nal exhaust therefore contains NO atalevel much 
higher than the equilibrium value at the exhaust 
temperature. Study the NO level at equilibrium 
when natural gas, C H 4 , is burned adiabatically 
with air (at To) in various ratios. 

16.140 Excess air or steam addition isoften used to lower 
the peak temperature in combustion to limit for- 
mation of pollutants like NO. Study the steam ad- 
dition to the combustion of natural gas as in the 
Cheng cycle (see Problem 13.174), assuming the 
steam is added before the combustion. Flow does 
this affect the peak temperature and the N 0 con- 
centration? 


Compressible Flow 


This chapter deals with the thermodynamic aspects of simple compressible flows through 
nozzles and passages. Several of the cycles covered in Chapters 11 and 12 have flow inside 
components, where it goes through nozzles or diffusers. For instance, a set of nozzles inside 
a steam turbine converts a high-pressure steam flow into a lower- pressure, high-velocity 
flow that enters the passage between the rotating blades. After several sections, the flow 
goes through a diffuser-like chamber and another set of nozzles. The flow in a fan-jet has 
several locations wherea high-speed compressible gas flows; it passes firstthrough a diffuser 
followed by a fan and compressor, then through passages between turbine blades, and finally 
exits through a nozzle. A final example of a flow that must be treated as compressible is the 
flow through a turbocharger in a diesel engine; the flow continues further through the intake 
system and valve openings to end up in a cylinder. The proper analysis of these processes 
is important for an accurate evaluation of the mass flow rate, the work, heat transfer, or 
kinetic energy involved, and feeds into the design and operating behavior of the overall 
system. 

All of the examples mentioned here are complicated with respect to the flow geometry 
and the flowing media, so we will use a simplifying model. In this chapter we will treat 
one-dimensional flow of a pure substance that we will also assume behaves as an ideal 
gas for most of the developments. This allows us to focus on the important aspects of a 
compressible flow, which is influenced by the sonic velocity, and the M ach number appears 
as an important variable for this type of flow. 


17.1 


STAGNATION PROPERTIES 


In dealing with problems involving flow, many discussions and equations can be simplified 
by introducing the concept of the isentropic stagnation state and the properties associated 
with it. The isentropic stagnation state is the state a flowing fluid would attain if it underwent 
a reversible adiabatic deceleration to zero velocity. This state is designated in this chapter 
with the subscript 0. From the first law for a steady-state process we conclude that 


h + 


2 


= ho 


(17.1) 


The actual and isentropic stagnation states for a typical gas or vapor are shown on 
the h-s diagram of Fig. 17.1. Sometimes it is advantageous to make a distinction be- 
tween the actual and isentropic stagnation states. The actual stagnation state is the state 
achieved after an actual deceleration to zero velocity (as at the nose of a body placed in 
a fluid stream), and there may be irreversibilities associated with the deceleration process. 
Therefore, the term stagnation property is sometimes reserved for the properties associ- 
ated with the actual state, and the term total property is used for the isentropic stagnation 
state. 
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FIGURE 17.1 Anh-s 

diagram illustrating the 
definition of stagnation 
state. 


EXAMPLE 17.1 



It is evident from Fig. 17.1 that the enthalpy is the same for both the actual and isen- 
tropic stagnation states (assuming that the actual process is adiabatic). Therefore, for an 
ideal gas, the actual stagnation temperature is the same as the isentropic stagnation temper- 
ature. However, the actual stagnation pressure may be less than the isentropic stagnation 
pressure. For this reason the term total pressure (meaning isentropic stagnation pressure) 
has particular meaning compared to actual stagnation pressure. 


Airflows in a duct at a pressure of 150 kPa with a velocity of 200 m/s. The temperature 
of the air is 300 K . Determine the isentropic stagnation pressure and temperature. 


Analysis and Solution 

If we assume that the air is an ideal gas with constant specific heat as given in Table A .5, 
the calculation is as fol I ows. From Eg. 17.1 


y! 

2 

( 200) 2 
2 x 1000 


h 0 -h=C PO (To-T) 
1.004(7" 0 - 300) 


T 0 = 319.9 K 

The stagnation pressure can be found from the relation 

To = /PoJ- 117 * 

319.9 _ / P 0 \ 0 ' 286 

“300“ “ 1,150/ 


P o = 187.8 kPa 


Theairtables, TableA .7, which are calculated fromTableA .8, could also have been 
used, and then the variation of specific heat with temperature would have been taken into 
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account. Since the actual and stagnation states have the same entropy, we proceed as 
follows: Using Table A. 7, 

T= 300 K h = 300.47 kj /kg P r = 1.1146 
V 2 (200) 2 

ho = h + — = 300.47 + 1 ' = 320.47 kj/kg 

2 2 x 1000 

T 0 = 319.9 K P r0 = 1.3956 
1 3956 

P 0 =150x ni 46 = 187 - 8kPa 


17.2 


THE MOMENTUM EQUATION FOR 
A CONTROL VOLUME 


Before proceeding, it will be advantageous to develop the momentum equation for the 
control volume. Newton's second law states that the sum of the external forces acting on a 
body in a given direction is proportional to the rate of change of momentum in the given 
direction. W riting this in equation form for thex-direction, we have 


d(mV x ) 

dt 




For the system of units used in this book, the proportionality can be written directly 
as an equality. 


d(mV x ) _ \ ’ _ 
dt ~ L x 


(17.2) 


Equation 17.2 has been written for a body of fixed mass, or i n thermodynamic parlance, 
for a control mass. We now proceed to write the momentum equation for a control volume, 
and we follow a procedure similar to that used in writing the continuity equation and the 
first and second laws of thermodynamics for a control volume. 

Consider the control volume shown in Fig. 17.2 to be fixed relative to its coordinate 
frame. Each flow that enters or I eaves the control volume possesses an amount of momentum 
per unit mass, so that it adds or subtracts a rate of momentum to or from the control 
volume. 


FIGURE 17.2 

Development of the 
momentum equation for 
a control volume. 
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W riting the nomentum equation in a rate form similar to the balance equations for 
mass, energy, and entropy, Eqs. 6.1, 6.7, and 9.2, respectively, results in an expression of 
the form 


Rateof change = F x + in - out (17.3) 

Only forces acting on the mass inside the control volume (for example, gravity) or on 
the control volume surface (for example, friction or piston forces) and the flow of mass 
carrying momentum can contribute to a change of momentum. M omentum is conserved, so 
that it cannot be created or destroyed, as was previously stated for the other control volume 
developments. 

The momentum equation in the x-di recti on from the form of Eq. 17.3 becomes 

= 11741 
Similarly, for they- and z-directions, 

and 

^^ = £Fz + X>V lz -£m,V,, (17.6) 

In the case of a control volumewith no mass flow ratesin or out (i .e., acontrol mass), 
these equations reduce to theform of Eq. 17.2 for each direction. 

In this chapter we will be concerned primarily with steady-state processes in which 
thereisa singleflow with uniform properties into the control volumeand a singleflow with 
uniform properties out of the control volume. The steady-state assumption means that the 
rate of momentum change for the control volume terms in Eqs. 17.4, 17.5, and 17.6 are 
equal to zero. That is, 

d(mV x )c.v. _ q d(mV y ) cv _ ^ d(rnV z ) cv _ ^ ^y yj 

dt ~ dt ~ dt ~ 

Therefore, for the steady-state process the momentum equation for the control volume, 


assuming uniform properties at each state, reduces to theform 

J^F x = J^m e (V e ) x -J2mi(Vi) x (17.8) 

J^F y = J^m e (V e )y-J^m i (V i ) y (17.9) 

J2 F z = 2> e (V e ) z -£>,(V/) z (17.10) 

Furthermore, for the special casein which there is a single flow into and out of the control 
volume, these equations reduce to 

^2 F x = m[(V e ) x — (V;) x ] (17.11) 

^F y = m[(V e ) y -(Vi) y ] (17.12) 

£F z = m[(V e ) z -(V,) z ] 


(17.13) 
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EXAMPLE 17.2 


On a level floor, a man is pushing a wheelbarrow (Fig. 17.3) into which sand is falling at 
the rate of 1 kg/s. The man is walking at the rate of 1 m/s, and the sand has a velocity 
of 10 m/s as it falls into the wheelbarrow. Determine the force the man must exert on the 
wheelbarrow and theforce the floor exerts on the wheelbarrow due to the falling sand. 

Analysis and Solution 

Consider a control surface around the wheelbarrow. Consider first the x-direction. From 
Eg. 17.4 



Let us analyze this problem from the point of view of an observer riding on the 
wheelbarrow. For this observer, V x of the material in the wheel barrow is zero and therefore, 


d(mV x ) cv _ Q 


dt 


Flowever, for this observer the sand crossing the control surface has an x-component 
velocity of -1 m/s, and m, the mass flow out of the control volume, is — 1 kg/s. Therefore, 


F x = (1 kg/s) x (lm/s) = 1 N 


If one considers this from the point of view of an observer who is stationary on the 
earth's surface, we conclude that V x of the falling sand is zero and therefore 


^m e (V e ) x -^m/(V/) x = 0 


Flowever, for this observer there is a change of momentum within the control volume, 
namely, 


EXAMPLE 17.2 


J2 F * = d(m ^ x)c - v - = (1 m/s) X (1 kg/s) = 1 N 


Next, consider the vertical (y) direction. 



Sand: Vy=10m/s 



V x = 1 m/s 


FIGURE 17.3 Sketch 
for Example 1 7.2. 
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For both the stationary and moving observer, the first term drops out because V y of the 
mass within the control volume is zero. However, for the mass crossing the control surface, 
V y = 10 m/s and 

m = -1 kg/s 

Therefore 


F y = (10 m/s) x (-1 kg/s) = -ION 
The minus sign indicates that the force is in the opposite direction to V y 


17.3 


FORCES ACTING ON A CONTROL SURFACE 


In the previous section we considered the momentum equation for the control volume. We 
now wish to evaluate the net force on a control surface that causes this change in momentum. 
Let us do this by considering the control mass shown in Fig. 17.4, which involves a pipe 
bend. The control surface is designated by the dotted lines and is so chosen that at the point 
where thefluid crosses the system boundary, theflow is perpendicularto thecontrol surface. 
The shear forces at the section where the fluid crosses the boundary of thecontrol surface 
are assumed to be negligible. Figure 17.4a shows the velocities, and Fig. 17 Ab shows the 
forces involved. The force R is the result of all external forces on the control mass, except 




FIGURE 17.4 Forces 
acting on a control 
surface. 
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for the pressure of all surroundings. The pressure of the surroundings, P 0 , acts on the entire 
boundary except atA, and A e , where the fluid crosses the control surface; P, and P e represent 
the absolute pressures at these points. 

The net forces acting on the system in thex- and y-di rections, F x and F y , are the sum 
of the pressure forces and the external force R in their respective directions. The influence 
of the pressure of the surroundings, P o, is most easily taken into account by noting that it 
acts over the entire control mass boundary except at A, and A e . Therefore, we can write 

y ] F x — (PiAi) x — (PoA/) x + (P e^e) x — (PoAe) x + Px 

y ' Fy = (PiAi)y — ( P 0 A j ) y + (P eAe)y — (PoAe)y + Py 

This equation may be simplified by combining the pressure terms. 

y ' F x = [ ( P/ — P 0 ) A / ] x + [ ( P e — PoMelx + Px 

J2 F y = [(Pi - Po)Ai]y + [(Pe - Po)A e ] y + Ry (17.14) 

The proper sign for each pressure and force must of course be used in all calculations. 
Equations 17.8, 17.9, and 17.14 may be combined to give 

= I>e(V e )x-I><(V/)x 

= y ' [( Pi — P 0 ) A , ] x + y ' [ ( P e — ■ PoMelx + Px 

J2 F y = J2 rh ^e)y- m ‘ (Vi )y 

= Z)[(P/-PoM/]y + I][(P«-Po) / 'e] y + fiy (17 ' 15) 

If there is a single flow across the control surface, Eqs. 17.11, 17.12, and 17.14 can be 
combined to give 

y ] F x = m(V e — V,) x = [ ( P / — PoM/lx + [ ( P e — P 0 ) A e ]x + Px 

J2 F y = - V i)y = [(Pi - Po)A,]y + [(Pe - P 0 )A e ] y + R y (17.16) 

A similar equation could be written for thez-direction. These equations are very useful in 
analyzing the forces involved in a control-volume analysis. 

EXAMPLE 17.3 

A jet engine is being tested on a test stand (Fig. 17.5). The inlet area to the compressor is 
0.2 m 2 , and air enters the compressor at 95 kPa, 100 m/s. The pressure of the atmosphere 
is 100 kPa. The exit area of the engine is 0.1 m 2 , and the products of combustion leave the 
exit plane at a pressure of 125 kPa and a velocity of 450 m/s. The air-fuel ratio is 50 kg 
air/kg fuel, and thefuel enters with a low velocity. Therateof airflow entering the engine 
is 20 kg/s. Determine the thrust, R x , on the engine. 
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FIGURE 17.5 Sketch 
for Example 1 7.3. 



4 e = 0.1 m 2 
V e =450 m/s 
P e = 125 kPa 

rf) e = 20.4 kg/s 


Analysis and Solution 

In the solution that follows, it is assumed that forces and velocities to the right are positive. 
Using Eg. 17.16 


Rx + [(f\ — PoMi'] x + [(P e — PoMelx — (0^eV e — 171 /'V/) x 


R x + [(95 - 100) x 0.2] - [(125 - 100) x 0.1] = 


20.4 x 450 - 20 x 100 
1000 


= 10.68 kN 

(N ote that the momentum of the fuel entering has been neglected.) 


17.4 


ADIABATIC, ONE-DIMENSIONAL, 
STEADY-STATE FLOW OF AN INCOMPRESSIBLE 
FLUID THROUGH A NOZZLE 


A nozzle is a device in which the kinetic energy of a fluid is increased in an adiabatic 
process. This increase involves a decrease in pressure and is accomplished by the proper 
change in flow area. A diffuser is a device that has the opposite function, namely, to increase 
the pressure by decelerating the fluid. In this section we discuss both nozzles and diffusers, 
but to minimize words we shall use only the term nozzle. 

Consider the nozzle shown in Fig. 17.6, and assume an adiabatic, one- 
dimensional, steady-state process of an incompressible fluid. From the continuity 



FIGURE 17.6 

Schematic sketch of a 
nozzle. 
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EXAMPLE 17.4 


equation we conclude that 


m e = mi = pA,V ,■ = pA e V e 


or 

Aj_ = Ve 
A e V, 

The first law for this process is 

V 2 - V 2 

h e - h, H — ^ — - + [Z e - Zi)g — 0 


(17.17) 


(17.18) 


From thesecond law we conclude that s e >Sj, where the equality holdsfora reversible 
process. Therefore, from the relation 

T ds = dh -vdP 


we conclude that for the reversible process 

h e - hi = J vdP (17.19) 

If we assume that the fluid is incompressible, Eq. 17.19 can be integrated to give 

h e -hi =v(P e -Pi) (17.20) 

Substituting this in Eq. 17.18, we have 

V 2 -V 2 

v(Pe-Pi) + - L Y~ L + [Ze-Zi)g = 0 (17.21) 

This is, of course, the Bernoulli equation, which was derived in Section 9.3, Eq. 9.17. For the 
reversible, adiabatic, one-dimensional, steady- state flow of an i ncompressi ble fl uid through 
a nozzle, the Bernoulli equation represents a combined statement of the first and second 
laws of thermodynamics. 


Water enters the diffuser in a pump casing with a velocity of 30 m/s, a pressure of 350 kPa, 
and a temperature of 25°C. It leaves the diffuser with a velocity of 7 m/sand a pressure of 
600 kPa. Determine the exit pressure for a reversible diffuser with these inlet conditions 
and exit velocity. Determine the increase in enthalpy, internal energy, and entropy for the 
actual diffuser. 

Analysis and Solution 

Consider first a control surface around a reversible diffuser with the given inlet conditions 
and exit velocity. Equation 17.21, the Bernoulli equation, is a statement of the first and 
second laws of thermodynamics for this process. Since there is no change in elevation, 
this equation reduces to 


V[(P e)s — P/] + 


V 2 -V 2 

v e Y i 


= o 


2 
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where (P e ) s represents the exit pressure for the reversible diffuser. From the steam tables, 
v = 0.001 003 m 3 /kg. 


Pes ~ Pi 


(30) 2 — (7) 2 
0.001003 x 2 x 1000 


= 424 kPa 


P es = 774 kPa 


Next, consider a control surface around the actual diffuser. The change in enthalpy 
can be found from the first law forthis process, Eg. 17.18. 


h e - hi 



(30) 2 — (7) 2 
2 x 1000 


= 0.4255 kj /kg 


The change in internal energy can be found from the definition of enthalpy, h e - hj = 
(U e — Uj) + (P e V e — P iVj). 

Thus, for an incompressible fluid 


U s - Uj = h e - hj - V(P e ~ Pi) 

= 0.4255 - 0.001 003(600 - 350) 

= 0.174 75 kj /kg 

The change of entropy can be approximated from the familiar relation 

T ds = du + P dv 

by assuming that the temperature is constant (which is approximately true in this case) 
and noting that for an incompressible fluid dv = 0. With these assumptions 

s e - Si = U -^~ = = 0.000 586 kj /kg K 

Since this is an irreversible adiabatic process, the entropy will increase, as the above 
calculation indicates. 


17.5 


VELOCITY OF SOUND IN AN IDEAL GAS 


When a pressure disturbance occurs in a compressible fluid, the disturbance travels with 
a velocity that depends on the state of the fluid. A sound wave is a very small pressure 
disturbance; the velocity of sound, also called the sonic velocity, is an important parameter 
incompressible-fluid flow. We proceed now to determine an expression for the sonic velocity 
of an ideal gas in terms of the properties of the gas. 

Let a disturbance be set up by the movement of the piston at the end of the tube, Fig. 
17.7a. A wave travels down the tube with a velocity c, which is the sonic velocity. Assume 
that after the wave has passed, the properties of the gas have changed an infinitesimal amount 
and that the gas is moving with the velocity dV toward the wavefront. 

In Fig. 17.7b this process is shown from the point of view of an observer who travels 
with the wave front. Consider the control surface shown in Fig. 17.7b. From the first law 
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Properties of gas after wave passes Properties of gas before wave passes 



1 1 1 


— 

p+dp 

p + dp c - dV 

P 

! c p 




FIGURE 17.7 

Diagram illustrating sonic 

h +dh 

h 

, .. 1 i 

velocity, stationary 




observer, (b) Observer 



Control surface 

traveling with wave front. 


(b) 



for this steady- state process we can write 


(c-dV) 2 


h + j = (h + dh) + 


dh - c dV = 0 


From the continuity equation we can write 

pAc = [p + dp)A(c - dV) 
c dp - p dV = 0 


Consider also the relation between properties 


T ds = dh 


dP_ 

P 


If the process is isentropic, ds = 0, and this equation can be combined with Eq. 
give the relation 

— - cdV = 0 
P 

This can be combined with Eq. 17.23 to give the relation 


dP_ 

dp 


= c 


2 


Since we have assumed the process to be isentropic, this is better written as 
derivative. 



= c 


2 


(17.22) 

(17.23) 

17.22 to 

(17.24) 

a partial 

(17.25) 
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EXAMPLE 17.5 


An alternate derivation isto introducethemomentum equation. Forthecontrol volume 
of Fig. 17 . lb the momentum equation is 


PA - (P + dP )A = rh(c - dV -c) = pAc(c -dV-c) 
dP = pc dV 

On combining this with Eq. 17.23, we obtain Eq. 17.25. 


(17.26) 


dP_\ 
dp l 


\=c* 


It will be of particular advantage to solve Eq. 17.25 for the velocity of sound in an 
ideal gas. 

When an ideal gas undergoes an isentropic change of state, we found in Chapter 8 
that, for this process, assuming constant specific heat 

dP dp 

k^~ = 0 

p p 

or 

dP\ _kP 
dp l p 

Substituting this equation in Eq. 17.25, we have an equation for the velocity of sound 
in an ideal gas, 

c>-" 

p 

Since for an ideal gas 


(17.27) 


this equation may also be written 


— = RT 
P 


c 2 = kRT 


(17.28) 


Determine the velocity of sound in air at 300 K and at 1000 K . 

Analysis and Solution 

Using Eq. 17.28 

c = VMT 

= yi.4 X 0.287 X 300 x 1000 = 347.2 m/s 
Similarly, at 1000 K, using k = 1.4, 

c = V1.4 x 0.287 x 1000 x 1000 = 633.9 m/s 
Note the significant increase in sonic velocity as the temperature increases. 
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The ^ ach number, M , is defined as the ratio of the actual velocity V to the sonic 
velocity c. 

M = j (17.29) 

WhenM > ltheflow issupersonic; whenM < ltheflow is son ; and when M = 1 the 
flow is sonic. The importance of the M ach number as a parameter in fluid-flow problems 
will be evident in the sections that follow. 


In-Text Concept Questions 

a. Is stagnation temperature always higher than free stream temperature? Why? 

b. By looking at Eq.17.25, rank the speed of sound for a solid, a liquid, and a gas. 

c. Does speed of sound in an ideal gas depend on pressure? What about a real gas? 


17.6 


REVERSIBLE, ADIABATIC, ONE-DIMENSIONAL 
FLOW OF AN IDEAL GAS THROUGH A NOZZLE 


A nozzle or diffuser with both a converging and diverging section is shown in Fig. 17.8. 
The minimum cross-sectional area is called the throat. 

Our first consideration concerns the conditions that determine whether a nozzle or 
diffuser should be converging or diverging, and the conditions that prevail at the throat. For 
the control volume shown, the following relations can be written: 

First law: 


Property relation: 


Continuity equation: 


dh + VdV = 0 


dP 

T ds = dh = 0 


dp 

p 


pAV — m = constant 



(17.30) 

(17.31) 


(17.32) 


-/////////////////////////////////// '■ 


FIGURE 17.8 

One-dimensional, 
reversible, adiabatic 
steady flow through a 
nozzle. 



Control surface 
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Combining Eqs. 17.30 and 17.31, we have 


dh 


dP_ 

p 


-VdV 


dV = - 


1 

pV 


dP 


Substituting this in Eq. 17.32, 

d_A_ _ (dp _d_V\_ _dp(d_P\ J_. p 
A { p M) p{dPj + pV 2 


-dP 

fdp IT 

1 dP l 

f 1 , M 

p 

[dP V 2 ) 

1 ~ P 1 

l [dP /dp) v 2 / 


Since the flow isisentropic 

d_P_ _ 2 _ 
dp ~ C ~ M 2 

and therefore 


dA 

~A 


dP 

W 


(1- M 2 ) 


(17.33) 


Thisisa very significant equation, forfrom itwecan draw the fol lowi ng conclusions about 
the proper shape for nozzles and diffusers: 

For a nozzle, dP < 0. Therefore, 


for a subsonic nozzle, M < 1 =>■ dA < 0, and the nozzle is converging; 
for a supersonic nozzle, M > 1 =>■ dA > 0, and the nozzle is diverging. 

For a diffuser, dP > 0. Therefore, 


for a subsonic diffuser, M < 1 => dA > 0, and the diffuser is diverging; 

for a supersonic diffuser, M > 1 => cM < 0, and the diffuser is converging. 

W hen M = 1, dA = 0, which means that sonic velocity can be achieved only at the 
throat of a nozzle or diffuser. These conclusions are summarized in Fig. 17.9. 

We will now develop a number of relations between the actual properties, stagnation 
properties, and Mach number. These relations are very useful in dealing with isentropic 
flow of an ideal gas in a nozzle. 

Equation 17.1 gives the relation between enthalpy, stagnation enthalpy, and kinetic 
energy. 
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M <_1 P Decreases 

Subsonic A Decreases 




M >1 t P Decreases 

Supersonic A Increases 



(a) 


FIGURE 17.9 

Required area changes 
for (a) nozzles and 
(b) diffusers. 




M >~\ ^ p increases 

Supersonic A Decreases 



(b) 


For an ideal gas with constant specific heat, Eq. 17.1 can be written as 
V 2 = 2C p0 (T 0 -T) = 2^(^-l) 


Since 


c 2 = kRT 


v 2 = 2c 


2 '5-i 


k-l\T 


— = M 2 = 


k -1\T 


U-i 


7 = i + ^„ : 


(17.34) 


For an isentropic process, 


Therefore, 


/ToJ /(fr_1) = Po nVj /[k - 1] = Po 


Po 

P 



(k 



k/(k- 1) 


2 


(17.35) 


po 

P 




-i l/(fc-l) 


2 


(17.36) 
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TABLE 17.1 

Critical Pressure, Density, and Temperature Ratios for Isentropic F low of an Ideal Gas 



k = 1.1 

k = 1.2 

Ac = 1.3 

f—i 

II 

k = 1.67 

P*IP 0 

0.5847 

0.5644 

0.5457 

0.5283 

0.4867 

P*IPo 

0.6139 

0.6209 

0.6276 

0.6340 

0.6497 

T*IT o 

0.9524 

0.9091 

0.8696 

0.8333 

0.7491 


Values of P/P 0 , plpo, and T IT o are given as a function of M in Table A. 12 on page 
744 for the value k — 1.40. 

The conditions at the throat of the nozzle can be found by noting that M = 1 at the 
throat. The properties at the throat are denoted by an asterisk (*). Therefore, 


T* _ 2 

To ~ k + T 


(17.37) 


P * ( 2 

P* _( 2 
Po \k + 1/ 


(17.38) 

(17.39) 


These properties at the throat of a nozzle when M = 1 are frequently referred to as critical 

pressure, critical temperature, and critical density, and the ratios given by Eqs. 17.37, 
17.38, and 17.39 are referred to as the critical-temperature ratio, critical-pressure ratio, 
and critical-density ratio. Table 17.1 gives these ratios for various values of k. 


17.7 


MASS RATE OF FLOW OF AN IDEAL GAS 
THROUGH AN ISENTROPIC NOZZLE 


We now consider the mass rate of flow per unit area, rh/A, in a nozzle. From the continuity 
equation we proceed as follows: 



By substituting Eq. 17.35 into Eq. 17.40, the flow per unit area can be expressed in terms 
of stagnation pressure, stagnation temperature, M ach number, and gas properties. 


m P 0 [k M 

l~T/r 0 yR x 7 *_i ,\<*+d/w-i> 

' 1 1 M 2 


(17.41) 


2 
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FIGURE 17.10 Area 

ratio as a function of 
Mach number for a 
reversible, adiabatic 
nozzle. 



At the throat, M = 1; therefore, the flow per unit area at the throat, rh/A*, can be found by 
setting M = 1 in Eq. 17.41. 


m Pq [Y 1 

~A* ~ \/To v R~ X /k + lf+^-D 


The area ratio A/A* can be obtained by dividing Eq. 17.42 by Eq. 17.41. 


A 

A* 


1 

w 


k + l 


k- 1 


-M 


(*r+l)/2(fr-l) 


(17.42) 


(17.43) 


The area ratio A/A* is the ratio of the area at the point where the M ach number isM to the 
throat area, and values of A /A* as a function of M ach number are given in Table A .12. Figure 
17.10 shows a plot of A /A* vs. M , which is in accordance with our previous conclusion that 
a subsonic nozzle is converging and a supersonic nozzle is diverging. 

The final point to be made regarding the isentropic flow of an ideal gas through a 
nozzle involves the effect of varying the back pressure (the pressure outside the nozzle exit) 
on the mass rate of flow. 

Consider first a convergent nozzle as shown in Fig. 17.11, which also shows the 
pressure rati oP/P 0 along the length of the nozzle. The conditions upstream are the stagnation 
conditions, which are assumed to be constant. The pressure at the exit plane of the nozzle 
is designated P E and the back pressure P fi . Let us consider how the mass rate of flow rh and 


FIGURE 17.11 

Pressure ratio as a 
function of back pressure 
for a convergent nozzle. 



726 ■ CHAPTER SEVENTEEN COMPRESSIBLE FLOW 


FIGURE 17.12 Mass 

rate of flow and exit 
pressure as a function of 
back pressure for a 
convergent nozzle. 


P 




T^a 


1 


/b 


/ 

5 

c 1 

1 

1 

1 


1.0 P -I 
P o 


the exit plane pressure P e IPq vary as the back pressure P B is decreased. These quantities 
are plotted in Fig. 17.12. 

When P s/P o = 1, there is, of course, no flow, and P £ /P 0 = 1 as designated by point 
a. Next let the back pressure P B be lowered to that designated by point b so that P S /P o is 
greater than the critical-pressure ratio. The mass rate of flow has a certain value and P £ = 
P B .TheexitM ach number is less than 1. Next, lettheback pressure be lowered to thecritical 
pressure, designated by point c. The M ach number at the exit is now unity, and P £ is equal 
to P B . When P s is decreased below thecritical pressure, designated by point d, there is no 
further increase in the mass rate of flow, P E remains constant at a value equal to thecritical 
pressure, and the exit M ach number is unity. The drop in pressure from P E to P B takes place 
outside the nozzle exit. U nder these conditions the nozzle is said to be choked, which means 
that for given stagnation conditions the nozzle is passing the maximum possible mass flow. 

Consider next a convergent-divergent nozzl in a similar arrangement, Fig. 17.13. 
Point a designates the conditions when P B = P 0 and there is no flow. When P B is de- 
creased to the pressure indicated by point b, so that P B /P 0 is less than 1 but considerably 
greater than the critical-pressure ratio, the velocity increases in the convergent section, but 
M < 1 at the throat. Therefore, the diverging section acts as a subsonic diffuser in which 
the pressure i ncreases and velocity decreases. Point c designates the back pressure at which 
M = 1 at the throat, but the diverging section acts as a subsonic diffuser (with M = 1 at the 
inlet) in which the pressure increases and velocity decreases. Point d designates one other 
back pressure that permits isentropic flow, and in this case the diverging section acts as a 
supersonic nozzle, with a decrease in pressure and an increase in velocity. Between the back 
pressures designated by points c and d, an isentropic solution is not possible, and shock 


FIGURE 17.13 

Nozzle pressure ratio as a 
function of back pressure 
for a reversible, 
convergent-divergent 
nozzle. 
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EXAMPLE 17.6 


waves will be present. This matter is discussed in the section that follows. When the back 
pressure is decreased below that designated by point d, the exit-plane pressure P E remains 
constant, and the drop in pressure from P E to P B takes place outside the nozzle. This is 
designated by point e. 


A convergent nozzle has an exit area of 500 mm 2 . Air enters the nozzle with a stagnation 
pressure of 1000 kPa and a stagnation temperature of 360 K . Determine the mass rate of 
flow for back pressures of 800 kPa, 528 kPa, and 300 kPa, assuming isentropic flow. 


Analysis and Solution 


For air k = 1.4 and Table A .12 may be used. The critical-pressure ratio, P*/P 0 , is 0.528. 
Therefore, for a back pressure of 528 kPa, M = 1 at the nozzle exit and the nozzle is 
choked. Decreasing the back pressure below 528 kPa will not increase the flow. 

For a back pressure of 528 kPa, 


At the exit 


=- = 0.8333 T* = 300 K 

To 


V = c = VkRT 


= VL4 x 0.287 x 300 x 1000 = 347.2 m/s 



rh = pAV 


528 

0.287 x 300 


6.1324 kg/m 3 


Applying this relation to the throat section 

m = 6.1324 x 500 x 10' 6 x 347.2 = 1.0646 kg/s 

For a back pressure of 800 kPa, P E /Po = 0.8 (subscript E designates the properties 
in the exit plane). From Table A .12 


M f = 0.573 T E /T 0 = 0.9381 
T f = 337.7 K 

Ce = VTRT7 = VL 4 x 0.287 x 337.7 x 1000 = 368.4 m/s 


V E = M e Ce =211.1 m/s 


PE 


Pe 

PT e 


800 

0.287 x 337.7 


= 8.2542 kg/m 3 


rh = pAV 


Applying this relation to the exit section, 

m = 8.2542 x 500 x 10' 6 x 211.1 = 0.8712 kg/s 


For a back pressure less than the critical pressure, which in this case is 528 kPa, the 
nozzle is choked and the mass rate of flow is the same as that for the critical pressure. 
Therefore, for an exhaust pressure of 300 kPa, the mass rate of flow is 1.0646 kg/s. 
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EXAMPLE 17.7 


A converging-diverging nozzle has an exit area to throat area ratio of 2. Air enters this 
nozzle with a stagnation pressure of 1000 kPa and a stagnation temperature of 360 K .The 
throat area is 500 mm 2 . Determine the mass rate of flow, exit pressure, exit temperature, 
exit M ach number, and exit velocity for the following conditions: 

a. Sonic velocity at the throat, diverging section acting as a nozzle. 

(Corresponds to pointd in Fig. 17.13.) 

b. Sonic velocity at the throat, diverging section acting as a diffuser. 

(Corresponds to pointc in Fig. 17.13.) 


Analysis and Solution 

(a) In Table A .12 we find that there are two M ach number listed for A/A* = 2. One of 
these is greater than unity and one is less than unity. When the diverging section acts as a 
supersonic nozzle, we use the value for M > 1. The following are from Table A .12: 

^ = 2.0 M e =2.197 ^ = 0.0939 4 = 0.5089 

A* P o T 0 

Therefore, 

P E = 0.0939(1000) = 93.9 kPa 
T e = 0.5089(360) = 183.2 K 

c E = = yi.4 x 0.287 x 183.2 x 1000 = 271.3 m/s 

V E =M E c E = 2.197(271.3) = 596.1 m/s 

The mass rate of flow can be determined by considering either the throat section or 
the exit section. Flowever, in general, it is preferable to determine the mass rate of flow 
from conditions at the throat. Since in this case M = 1 at the throat, the calculation is 
identical to the calculation for the flow in the convergent nozzle of Example 17.6 when it 
is choked. 

(b) The fol lowing are from TableA.12. 

^ = 2.0 M = 0.308 4 - = 0.0936 4 - = °- 9812 

A* P 0 To 

P E = 0.0936(1000) = 936 kPa 

Te = 0.9812(360) = 353.3 K 

c e = VJTRTJ = vT4 x 0.287 x 353.3 x 1000 = 376.8 m/s 
V E =M E c E = 0.308(376.3) = 116 m/s 

Since M = 1 at the throat, the mass rate of flow is the same as in (a), which is also 
equal to the flow in the convergent nozzle of Example 17.6 when it is choked. 


In the example above, a solution assuming isentropic flow is not possible if the back 
pressure is between 936 and 93.9 kPa. If the back pressure is in this range, there will be 
either a normal shock in the nozzle or oblique shock waves outside the nozzle. The matter 
of normal shock waves is considered in the following section. 
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In-Text Concept Questions 

d. Can a convergent adiabatic nozzle produce a supersonic flow? 

e. To maximize the mass flow rate of air through a given nozzle, which properties should 
I try to change and in which direction, higher or lower? 

f. How do the stagnation temperature and pressure change in a reversible isentropic 
flow? 


17.8 


NORMAL SHOCK IN AN IDEAL GAS 
FLOWING THROUGH A NOZZLE 


A shock wave involves an extremely rapid and abrupt change of state. In a normal shock 
this change of state takes place across a plane normal to the direction of the flow. Figure 
17.14 showsa control surface that includes such a normal shock. Wecan now determine the 
relations that govern the flow. A ssuming steady-state, steady-flow, wecan write thefol lowing 
relations, where subscripts x and y denote the conditions upstream and downstream of the 
shock, respectively. N ote that no heat or work crosses the control surface. 


h x -| — — hy H — — h ox — hoy (17.44) 

Continuity equation: 

j = P*V X = p y V y (17.45) 

M omentum equation: 

A(P X - P y ) = m(V y -V x ) (17.46) 

Second law: Since the process is adiabatic 

Sy — S x = Sgen > 0 (17.47) 

The energy and continuity equations can be combined to give an equation that when 
plotted on the h-s diagram is cal led the anno line. Similarly, the momentum and continuity 
equations can be combined to give an equation the plot of which on theh-s diagram is known 
as the Rayleigh line. Both of these lines are shown on theh-s diagram of Fig. 17.15. it can 
be shown that the point of maximum entropy on each line, points a and b, corresponds to 
M = 1. The lower part of each line corresponds to supersonic velocities and the upper part 
to subsonic velocities. 


Control surface 


Normal shock 



FIGURE 17.14 One- 
dimensional normal 
shock. 
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FIGURE 17.1 5 End 

states for a one- 
dimensional normal 
shock on an h-s diagram. 



The two points where all three equations are satisfied are points x and y, x being 
in the supersonic region and y in the subsonic region. Since the second law requires that 
Sy - Sx > 0 in an adiabatic process, we conclude that the normal shock can proceed only 
from x toy. This means that the velocity changesfrom supersonic (M > 1) before the shock 
to subsonic (M < 1) after the shock. 

The equations governing normal shock waves will now be developed. If we assume 
constant-specific heats, we conclude from Eq. 17.44, the energy equation, that 


Tox = To y 


(17.48) 


That is, there is no change in stagnation temperature across a normal shock. Introducing 
Eq. 17.34 


T ox 

t7 


i + 



Tpy 

h 


1 + 



and substituting into Eq. 17.48, we have 


h 

Tx 


1 + 


1 + 



2 

x 



2 

y 


(17.49) 


The equation of state, the definition of the M ach number, and the relation c = VkRT 
can be introduced into the continuity equation as follows: 


But 


PxV x = PyVy 


Px 

h 

Tx 


Px _ Py 

RT X Py R Ty 
PyVy PyMyCy PyWy^/Ty 

PxV x - P x M x c x _ P x M x Vh 



(17.50) 
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EXAMPLE 17.8 


Combining Eqs. 17.49 and 17.50, which involves combining the energy equations and the 
continuity equation, gives the equation of the Fanno line. 


Py 

Px 


M yyjl H 2 —My 


(17.51) 


The momentum and continuity equations can be combined as follows to give the 
equation of the Rayleigh line. 


P x ~ P y — (Vy — V x ) — PyV 2 — p x V 2 
Px + p x V 2 = Py + PyV 2 
Px + PxM x c x = Py + PyM y^y 
Px+ P -^(kRT x ) = P y + P -^(kRT y ) 

K I x A / y 

P x (l + kM 2 ) = P y (l + kM y) 

Py 1 + kM x 
Px - 1 + kM 2 y 


(17.52) 


Equations 17.51 and 17.52 can be combined to give the following equation relating M x 
and M y : 

M x 2 + — 

M y 2 = -■ (17.53) 

77— 2 - 1 

Ac — 1 x 

Table A .13, on page 745, gives the normal shock function, which include M y as a 
function of M x . This table applies to an ideal gas with a value k = 1.40. Note that M x is 
always supersonic and M y is always subsonic, which agrees with the previous statement that 
in a normal shock the velocity changes from supersonic to subsonic. These tables also give 
the pressure, density, temperature, and stagnation pressure ratios across a normal shock as a 
function of M x . These are found from Eqs. 17.49 and 17.50 and the equation of state. Note 
that there is always a drop in stagnation pressure across a normal shock and an increase in 
the static pressure. 


Consider the convergent-divergent nozzleof Example 17.7, in which thediverging section 
acts as a supersonic nozzle (Fig. 17.16). Assume that a normal shock stands in the exit 
plane of the nozzle. Determine the static pressure and temperature and the stagnation 
pressure just downstream of the normal shock. 


Sketch: Figure 17.16. 
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FIGURE 17.16 

Sketch for Example 17.8. 



Analysis and Solution 

From TableA.13 

M x = 2.197 M y = 0.547 ^ = 5.46 ^ = 1.854 ^ = 0.630 

y Px T x P ox 

P y = 5.46 x P x = 5.46(93.9) = 512.7 kPa 
T y = 1.854 x T x = 1.854(183.2) = 339.7 K 
P 0y = 0.630 x P ox = 0.630(1000) = 630 kPa 


In light of this example, we can conclude the discussion concerning the flow through 
a convergent-divergent nozzle. Figure 17.13 is repeated here as Fig. 17.17 for convenience, 
except that points f , g, and h have been added. Consider point d. We have already noted that 
with this back pressure the exit plane pressure P E is just equal to the back pressure P B , and 
isentropic flow is maintained in the nozzle. Let the back pressure be raised to that designated 
by point f.Theexit-planepressurePf is not influenced by this increase in back pressure, and 
theincreasein pressure from P E to P B takes placeoutside the nozzle. Let the back pressure 
be raised to that designated by point g, which is just sufficient to cause a normal shock to 


FIGURE 17.17 

Nozzle pressure ratio as a 
function of back pressure 
for a convergent- 
divergent nozzle. 
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EXAMPLE 17.9 


FIGURE 17.18 

Sketch for Example 17.9. 


stand in the exit plane of the nozzle. The exit-plane pressure P E (downstream of the shock) 
isequal to the back pressurePg, and M <1 leaving the nozzle. This isthe casein Example 
17.8. Now let the back pressure be raised to that corresponding to point h. As the back 
pressure is raised from g to h, the normal shock moves into the nozzle as indicated. Since 
M < 1 downstream of the normal shock, the diverging part of the nozzle that is downstream 
of the shock acts as a subsonic diffuser. As the back pressure is increased from h to c, the 
shock moves further upstream and disappears at the nozzle throat where the back pressure 
corresponds to c. This is reasonable si nee there are no supersonic velocities involved when 
the back pressure corresponds to c, and hence no shock waves are possible. 


Consider the convergent-divergent nozzle of Examples 17.7 and 17.8. Assume that there 
is a normal shock wave standing at the point where M = 1.5. Determine the exit-plane 
pressure, temperature, and M ach number. Assume isentropic flow except for the normal 
shock (Fig. 17.18). 

Sketch : Figure 17.18. 


Analysis and Solution 

The properties at point x can be determined from Table A .12, because the flow is isentropic 
to point x. 

M x = 1.5 -^ = 0.2724 -A- = 0.6897 4^ = 1.1762 

P ox T 0x A* 

Therefore, 


P x = 0.2724(1000) = 272.4 kPa 
T x = 0.6897(360) = 248.3 K 


The properties at pointy can be determined from the normal shock functions, Table 

A. 13. 

M y = 0.7011 — T = 2.4583 = 1.320 -^ = 0.9298 

y Px T x P ox 

P y = 2.4583 P x = 2.4583(272.4) = 669.6 kPa 
T y = 1.320 T x = 1.320(248.3) = 327.8 K 
P Oy = 0.9298 P 0x = 0.9298(1000) = 929.8 kPa 
Since there is no change in stagnation temperature across a normal shock, 


T ox = Toy = 360 K 
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From y to E the diverging section acts as a subsonic diffuser, in solving this problem, 
it is convenient to think of the flow aty as having come from an isentropic nozzle having 
a throat area /Af Such a hypothetical nozzle is shown by the dotted line. From the table of 
isentropic flow functions, Table A .12, we find the following for M y = 0.7011. 

T v 


M y = 0.7011 


p- = 1.0938 

Ay 


P = 0.7202 

P 0y 


F rom the statement of the problem 


A E 

-r=- = 2.0 

A* 


Also, since the flow from y to E is isentropic, 
A e A e A e 


A* A X Ay 

— — x — x — J - 


=?- = 0.9105 

'0y 


J E _, n 1 
Af, ' X 1.1762 


x 1 x 1.0938 = 1.860 


From thetableof isentropic flow functions for A/A* = 1.860 and M <1 

M E = 0.339 p- = 0.9222 p- = 0.9771 
Poe Toe 

P P 

— -=r— = 0.9222 
Poe P 0y 

P E = 0.9222(P 0y ) = 0.9222(929.8) = 857.5 kPa 
T e = 0.9771 (T 0 £ ) = 0.9771(360) = 351.7 K 


I n consideri ng the normal shock, we have ignored the effect of viscosity and thermal 
conductivity, which are certain to be present. The actual shock wave will occur over some 
finite thickness. Flowever, the development as given here gives a very good qualitative 
picture of normal shocks and also provides a basis for fairly accurate quantitative results. 


17.9 


NOZZLE AND DIFFUSER COEFFICIENTS 


U p to this point we have considered only isentropic flow and normal shocks. As was pointed 
out in Chapter 9, isentropic flow through a nozzle provides a standard to which the perfor- 
mance of an actual nozzle can be compared. For nozzles, the three important parameters 
by which actual flow can be compared to the ideal flow are nozzle efficiency, velocity 
coefficient, and discharge coefficient. These are defined as follows: 

The nozzle efficiency rj N is defined as 


Actual kinetic energy atnozzleexit 

,]N Kinetic energy at nozzle exit with isentropic flow to same exit pressure 


(17.54) 


The efficiency can be defined in terms of properties. On the h-s diagram of Fig. 17.19 
state 0/ represents the stagnation state of the fluid entering the nozzle; state e represents the 
actual state at the nozzle exit; and states represents the state that would have been achieved 
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FIGURE 17.19 An 

h-s diagram showing the 
effects of irreversibility in 
a nozzle. 



at the nozzle exit if the flow had been reversible and adiabatic to the same exit pressure. 
Therefore, in terms of these states, the nozzle efficiency is 

_ h 0i -h e 

hN , . 

ho/ - h s 

Nozzle efficiencies vary in general from 90 to 99%. Large nozzles usually have higher 
efficiencies than small nozzles, and nozzles with straight axes have higher efficiencies than 
nozzles with curved axes. The irreversibilities, which cause the departure from isentropic 
flow, are primarily due to fricitional effects and are confined largely to the boundary layer. 
The rate of change of cross-sectional area along the nozzle axis (that is, the nozzle contour) 
is an important parameter in the design of an efficient nozzle, particularly in the divergent 
section. Detailed consideration of this matter is beyond the scope of this text, and the reader 
is referred to standard references on the subject. 

The velocity coefficient C v is defined as 

^ _ Actual velocity atnozzleexit (17 55) 

17 Velocity at nozzle exit with isentropic flow to same exit pressure 

It follows that the velocity coefficient is equal to the square root of the nozzle efficiency 

C v =^n (17.56) 

The coefficient of discharge C D is defined by the relation 

Actual mass rate of flow 

Cd = 

M ass rate of flow with i sentro pi c fl ow 

in determining the mass rate of flow with isentropic conditions, the actual back 
pressure is used if the nozzle is not choked. If the nozzle is choked, the isentropic mass 
rate of flow is based on isentropic flow and sonic velocity at the minimum section (that is, 
sonic velocity at the exit of a convergent nozzle and at the throat of a convergent- divergent 
nozzle). 

The performance of a diffuser is usually given in terms of diffuser efficiency, which 
is best defined with the aid of an h-s diagram. On the h-s diagram of Fig. 17.20 states 1 
and 01 are the actual and stagnation states of the fluid entering the diffuser. States 2 and 02 
are the actual and stagnation states of the fluid leaving the diffuser. State 3 is not attained in 
the diffuser, but it is the state that has the same entropy as the initial state and the pressure 
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FIGURE 1 7 . 2 C An 

h-s diagram showing the 
definition of diffuser 
efficiency. 



of the isentropic stagnation state leaving the diffuser. The efficiency of the diffuser rj D is 
defined as 


A h 5 /t 3 — hi /r 3 — hi 
Vj/2 hoi -hi hoi-hi 


(17.57) 


If we assume an ideal gas with constant specific heat, this reduces to 


'/D 


T3-T1 
T02 ~ h 


C Po — 


kR 

k - 1 


(T 3 - Ti) 
Ti 

V? 


T 1 


2 C 


T C i 
Tl= kR 


Vi = M 


Therefore, 


n d = 


^T _1)/k _ 1 
pj 

k - 1 


Ml 


h = (Pvt ~ 1)/k 

Ti \P 1) 


p \(k-l)/k 
“02 

K 

Pvf- m 

Pi) 


P Olf~ m (P 02^ k - 1),k 

Pi) X U01 






k- 1 


Ml 


VD = 


2 


(17.58) 


NOZZLES AND ORIFICES AS FLOW-MEASURING DEVICES ■ 737 


17.10 


NOZZLES AND ORIFICES AS 
FLOW-MEASURING DEVICES 


The mass rate of flow of a fluid flowing in a pipe is frequently determined by measuring 
the pressure drop across a nozzle or orifice in the line, as shown in Fig. 17.21. The ideal 
process for such a nozzle or orifice is assumed to be isentropic flow through a nozzle that 
has the measured pressure drop from inlet to exit and a minimum cross-sectional area equal 
to the minimum area of the nozzle or orifice. The actual flow is related to the ideal flow by 
the coefficient of discharge, which is defined by Eq. 17.57. 

The pressure difference measured across an orifice depends on the location of the 
pressure taps as indicated in Fig. 17.21. Since the ideal flow is based on the measured 
pressure difference, it follows that the coefficient of discharge depends on the locations of 
the pressure taps. A Iso, the coefficient of dischargefor a sharp-edged orifice is considerably 
I ess than that for a well-rounded nozzle, primarily due to a contraction of the stream, known 
as the vena contracta, as it flows through a sharp-edged orifice. 

There are two approaches to determining the discharge coefficient of a nozzle or 
orifice. One is to follow a standard design procedure, such as the ones established by the 
American Society of M echanical Engineers, 1 and use the coefficient of discharge given 
for a particular design. A more accurate method is to calibrate a given nozzle or orifice 
and determine the discharge coefficient for a given installation by accurately measuring the 
actual mass rate of flow. The procedure to be foil owed will depend on the accuracy desired 
and other factors involved (such as time, expense, availability of calibration facilities) in a 
given situation. 

Fori ncompressi blefluids flowing through an orifice, the ideal flow foragiven pressure 
drop can be found by the procedure outlined in Section 17.4. Actually, it is advantageous to 
combine Eqs. 17.17 and 17.21 to give the following relation, which is valid for reversible 
flow. 


v(P 2 -P i) + 


Vi - V 


1 =v(P 2 -Pi) + 


v 2-(A 2 /Ai) 2 V; 


2\,2 

2 =0 


(17.59) 


FIGURE 17.21 

Nozzles and orifices as 
flow-measuring devices. 


_Q_ 


Well-rounded orifice 


H 




( b ) 


1 Fluid Meters, Their Theory and Application, ASM E, 1959; Flow Measurement, ASM E, 1959. 
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or 


v(P 2 -P l) + 




= 0 


V 2 


2v(Pi — P 2 ) 
ll-^/A,) 2 ] 


(17.60) 


Foran ideal gasitisfrequently advantageous to usethefol lowi ng simplified procedure 
when the pressure drop across an orifice or nozzle is small. Consider the nozzle shown in 
Fig. 17.22. From the fi rst I aw we conclude that 


hi 


y? 

2 


— he + 


V 2 

Y e 

2 


Assuming constant specific heat, this reduces to 


V 2 

v e 



— hi — h e — C p o(Ti — T e) 


Let A P and AT be the decrease in pressure and temperature across the nozzle. Since we 
are considering reversible adiabatic flow, we note that 


or 


Te 

Ti 


p \ik-l)/k 


Ti-AT /P,-APf- 1)/k 

~ \ Pi ) 


AT _ / A P 

Tj \ Pi ) 

U sing the binomial expansion on the right side of the equation, we have 

AT k-lAP k-lAP 2 

k Pi 2p pT~ 


If AP/Pj is small, this reduces to 

AT k-lAP 
~T~~~k P~ 

Substituting this into the first-law equation, we have 

Ve - V, 2 _ c k-1 An T, 


• pO " 


. AP — - 
k Pi 




Control surface 




FIGURE 17.22 

Analysis of a nozzle as a 
flow-measuring device. 


NOZZLES AND ORIFICES AS FLOW-MEASURING DEVICES ■ 739 


But for an ideal gas 



Therefore, 



which is the same as Eq. 17.59, which was developed for incompressible flow. Therefore, 
when the pressure drop across a nozzle or orifice is small, the flow can be calculated with 
high accuracy by assuming incompressible flow. 

The Pitot tube, Fig. 17.23, is an important instrument for measuring the velocity of 
a fluid. In calculating the flow with a Pitot tube, it is assumed that the fluid is decelerated 
isentropically in front of the Pitot tube; therefore, the stagnation pressure of the free stream 
can be measured. 

Applying the first law to this process, we have 


V 2 

h + y = ho 


If we assume incompressible flow for this isentropic process, the first law reduces to 
(because T ds = dh -vdP) 



or 


V = v / 2v(P 0 — P ) 


(17.61) 


If we consider the compressible flow of an ideal gas with constant specific heat, the 
velocity can be found from the relation 




(17.62) 


FIGURE 17.23 

Schematic arrangement 
of a Pitot tube. 


V 


Stagnation 
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It is of interest to know the error introduced by assuming incompressible flow when 
using the Pitot tube to measure the velocity of an ideal gas. To do so, we introduce Eq. 17.35 
and rearrange it as follows: 


Po 

P 



k/(k- 1 ) 



But 


or 


V 2 

~ 2 — P C poT = C poTo 

V 2 _ kRc 2 kRcl 

T + (k-l)kR ~ (k - 1) kR 


1 + 


2c 2 

( k - l)v 2 


2c 0 2 

(k - l)v 2 


where c o = ^/kRT 0 



c 2 _cg Ac- 1 
V 2 V 2 2 


Substituting this into Eq. 17.63 and rearranging, 


P 

P^ 


-^0 


k/«r-l) 


(17.63) 


(17.64) 


(17.65) 


Expanding this equation by the binomial theorem, and including termsthrough ( V/co) 4 , we 
have 


P__ k/V\ 2 k/V\ 4 
P o 2 \Co/ + 8 \Co/ 


On rearranging this, we have 


pq-p ! yyf 

p 0 V 2 /2 4 Vc 0 ; 

For incompressible flow, the corresponding equation is 


(17.66) 


7 = 1 
PoV 2 /2 

Therefore, the second term on the right side of Eq. 17.66 represents the error involved 
if incompressible flow is assumed. The error in pressure for a given velocity and the error 
in velocity for a given pressure that would result from assuming incompressible flow are 
given in Table 17.2. 


SUMMARY ■ 741 


SUMMARY 


TABLE 17.2 


V/c 0 

Approximate 
Room-Temperature 
Velocity, m/s 

Error in Pressure 
for a G iven 

Velocity, % 

Error in Velocity 
for a G iven 
Pressure, % 

0.0 

0 

0 

0 

0.1 

35 

0.25 

- 0.13 

0.2 

70 

1.0 

- 0.5 

0.3 

105 

2.25 

- 1.2 

0.4 

140 

4.0 

- 2.1 

0.5 

175 

6.25 

- 3.3 


In-Text Concept Questions 

g. Which of the cases in Fig. 11 .Yl(a-h) have entropy generation and which do not? 

h. How do the stagnation temperature and pressure change in an adiabatic nozzle flow 
with an efficiency of less than 100%? 

i. TableA.13 has a column for PoylPox', why is there not one for T 0y /T 0x l 

j. How high can a gas velocity (Mach number) be and still allow us to treat it as 
incompressible flow within 2% error? 


A short introduction is given to compressible flow in general with particular application 
to flow through nozzles and diffusers. We start with the introduction of the entropic 
stagnation state (recall the stagnation enthalpy from Chapter 6), which becomes important 
for the subsequent material. The momentum equation is formulated for a general control 
volume from which we can infer forces that must act on a control volume due to the presence 
of the flow of momentum. A special case is the thrust exerted on a jet engine due to the 
higher flow of momentum out. 

Theflow through a nozzleis i ntroduced first as an incompressible flow, already covered 
in Chapter 9, leading to the Bernoulli equation. Then we cover the concept of the velocity 
of sound, which isthe speed at which isentropic pressure waves travel. The speed of sound, 
c, is a thermodynamic property, which for an ideal gas can be expressed explicitly in terms 
of other properties. As we analyze the compressible flow through a nozzle we discover 
the significant different behavior of the flow depending on the ! ach number. For a M ach 
number less than one it is subsonic flow and a converging nozzle increases the velocity, 
whereas for a M ach number larger than 1 it is supersonic (hypersonic) flow and you need 
a diverging nozzle to increase the velocity. Similar conclusions apply to a diffuser. With a 
large enough pressure ratio across the nozzle, we will have M = 1 at the throat (smallest 
area) at which location we have the critical properties (T*, P* and p*). The resulting mass 
flow rate through a convergent and convergent-divergent nozzle is discussed in detail as 
a function of the back pressure. Several different types of reversible and adiabatic— thus, 
isentropic— flows are possible, ranging from subsonic flow everywhere to sonic at the throat 
only and then subsonic followed by supersonic flow in the diverging section. The mass flow 
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rate is maximum when the nozzle is choked, and you haveM = 1 at the throat when further 
decrease in the back pressure will not result in any larger mass flow rate. 

For back pressures for which an isentropic solution is not possible a shock may 
be present. We cover the normal shocks and the relations across the shock satisfying the 
continuity equation and energy equation (Fanno lin ), as well as the momentum equation 
(Rayleigh lin' ). The flow through a shock goes from supersonic to subsonic and there is a 
drop in the stagnation pressure while there is an increase in entropy across the shock. With 
a possible shock in the diverging section or at the exit plane or outside the nozzle we can 
do the flow analysis for all possible back pressures as shown in Figure 17.17. 

In the last two sections we cover the more practical aspects of using nozzles or 
diffusers. They are characterized by coefficiencie or low coefficients, which are useful 
because they are constant over a range of conditions, lozzles or orifices are used in a 
number of different forms for the measurement of flow rates, and it is important to know 
when to treat the flow as compressible. 

You should have learned a number of skills and acquired abilities from studying this 
chapter that will allow you to: 

• Find the stagnation flow properties for a given flow. 

• A pply the momentum equation to a general control volume. 

• K now the simplification for an incompressible flow and how to treat it. 

• K now the velocity of sound and how to calculate it for an ideal gas. 

• Know the importance of the M ach number and what it implies. 

• K now the isentropic property relations and how properties like pressure, temperature 
and density vary with the M ach number. 

• Realize that the flow area and the M ach number are connected and how. 

• Find the mass flow rate through a nozzle for an isentropic flow. 

• K now what a choked flow is and under which conditions it happens. 

• K now what a normal shock is and when to expect it. 

• Be able to connect the properties before and after the shock. 

• K now how to relate the properties across the shock to the upstream and downstream 
properties. 

• Realize the importance of the stagnation properties and when they are varying. 

• Treatanozzleordiffuserflow from knowledgeof the efficiency ortheflow coefficient. 

• Know how nozzles or orifices are used as measuring devices. 


KEY CONCEPTS 
AND FORMULAS 


Stagnation enthalpy 


h 0 = h + ^V 2 


x- direction 
Bernoulli equation 

Speed of sound ideal gas 
M ach number 


M omentum equation 



c = vW 
M = V/c 
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Area pressure relation 




Isentropic relations between local properties at M and stagnation properties 


Pressure relation 

Density relation 
Temperature relation 
M ass flow rate 
Critical temperature 
Critical pressure 

Critical density 
Critical mass flow rate 
Normal shock 


Nozzle efficiency 
Discharge coefficient 
Diffuser efficiency 


Po = P 


Po — p 


To = T 


k- 1. 


-M' 


k - 1 


-M- 


\+ k ril M 2 


k/(k- 1) 


l/(fc-l) 


m = — M 


k- im 2 ' 


T* = T o 


P* = Pr 


k + 1 


M 2 = 
' 1 y 


p 0 

.k + 1. 


‘ 2 ] 

PO 

k + 1 


nr 

\*F 

'°VW 

m 2 + 

x + k- 

1 + kM 2 


k/(k- 1) 


l/(k-l) 


k + 1 


(k+l)/2(k-l) 


2k 

k- 1 


Mi - : 


Px 1 + kM 2 

r 1 + ^V 


Tx 


Poy — P > 


^zl M 2 

2 y 
\ k-1 


M z 
2 y 


k/(k-l) 


s y -s x = C P In - r in-^T >o 
>in = 

C d = 


I'Oi - 1+ 

h 0 i -h s 

^actual 


>1D 


m s 
A h s 

vU? 


(k+l)/2(k-l) 
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TABLE A. 12 

One-Dimensional Isentropic Compressible-F low F unctions for an Ideal Gas with Constant 
Specific H eat and M olecular M ass and k = 1.4 


M 

M* 

A/A* 

PIP 0 

plpo 

TIT o 

0.0 

0.00000 

OO 

1.00000 

1.00000 

1.00000 

0.1 

0.10944 

5.82183 

0.99303 

0.99502 

0.99800 

0.2 

0.21822 

2.96352 

0.97250 

0.98028 

0.99206 

0.3 

0.32572 

2.03506 

0.93947 

0.95638 

0.98232 

0.4 

0.43133 

1.59014 

0.89561 

0.92427 

0.96899 

0.5 

0.53452 

1.33984 

0.84302 

0.88517 

0.95238 

0.6 

0.63481 

1.18820 

0.78400 

0.84045 

0.93284 

0.7 

0.73179 

1.09437 

0.72093 

0.79158 

0.91075 

0.8 

0.82514 

1.03823 

0.65602 

0.73999 

0.88652 

0.9 

0.91460 

1.00886 

0.59126 

0.68704 

0.86059 

1.0 

1.0000 

1.00000 

0.52828 

0.63394 

0.83333 

1.1 

1.0812 

1.00793 

0.46835 

0.58170 

0.80515 

1.2 

1.1583 

1.03044 

0.41238 

0.53114 

0.77640 

1.3 

1.2311 

1.06630 

0.36091 

0.48290 

0.74738 

1.4 

1.2999 

1.11493 

0.31424 

0.43742 

0.71839 

1.5 

1.3646 

1.17617 

0.27240 

0.39498 

0.68966 

1.6 

1.4254 

1.25023 

0.23527 

0.35573 

0.66138 

1.7 

1.4825 

1.33761 

0.20259 

0.31969 

0.63371 

1.8 

1.5360 

1.43898 

0.17404 

0.28682 

0.60680 

1.9 

1.5861 

1.55526 

0.14924 

0.25699 

0.58072 

2.0 

1.6330 

1.68750 

0.12780 

0.23005 

0.55556 

2.1 

1.6769 

1.83694 

0.10935 

0.20580 

0.53135 

2.2 

1.7179 

2.00497 

0.93522E-01 

0.18405 

0.50813 

2.3 

1.7563 

2.19313 

0.79973E-01 

0.16458 

0.48591 

2.4 

1.7922 

2.40310 

0.68399E-01 

0.14720 

0.46468 

2.5 

1.8257 

2.63672 

0.58528E-01 

0.13169 

0.44444 

2.6 

1.8571 

2.89598 

0.50115E -01 

0.11787 

0.42517 

2.7 

1.8865 

3.18301 

0.42950E-01 

0.10557 

0.40683 

2.8 

1.9140 

3.50012 

0.36848E-01 

0.94626E-01 

0.38941 

2.9 

1.9398 

3.84977 

0.31651E -01 

0.84889E-01 

0.37286 

3.0 

1.9640 

4.23457 

0.27224E-01 

0.76226E-01 

0.35714 

3.5 

2.0642 

6.78962 

0.13111E -01 

0.45233E-01 

0.28986 

4.0 

2.1381 

10.7188 

0.65861E-02 

0.27662E-01 

0.23810 

4.5 

2.1936 

16.5622 

0.34553E-02 

0.17449E-01 

0.19802 

5.0 

2.2361 

25.0000 

0.18900E-02 

0. 11340E -01 

0.16667 

6.0 

2.2953 

53.1798 

0.63336E-03 

0.51936E-02 

0.12195 

7.0 

2.3333 

104.143 

0.24156E-03 

0.26088E-02 

0.09259 

8.0 

2.3591 

190.109 

0.10243E-03 

0.14135E -02 

0.07246 

9.0 

2.3772 

327.189 

0.47386E-04 

0.81504E-03 

0.05814 

10.0 

2.3905 

535.938 

0.23563E-04 

0.49482E-03 

0.04762 

oo 

2.4495 

OO 

0.0 

0.0 

0.0 
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TABLE A. 13 

One-Dimensional Normal Shock Functions for an Ideal Gas with Constant Specific Heat and 
M olecular M ass and k = 1.4 


M x 

My 

Py/Px 

PylPx 

T y IT x 

P Oy/P Ox 

P Oy/P Ox 

1.00 

1.00000 

1.0000 

1.0000 

1.0000 

1.00000 

1.8929 

1.05 

0.95313 

1.1196 

1.0840 

1.0328 

0.99985 

2.0083 

1.10 

0.91177 

1.2450 

1.1691 

1.0649 

0.99893 

2.1328 

1.15 

0.87502 

1.3763 

1.2550 

1.0966 

0.99669 

2.2661 

1.20 

0.84217 

1.5133 

1.3416 

1.1280 

0.99280 

2.4075 

1.25 

0.81264 

1.6563 

1.4286 

1.1594 

0.98706 

2.5568 

1.30 

0.78596 

1.8050 

1.5157 

1.1909 

0.97937 

2.7136 

1.35 

0.76175 

1.9596 

1.6028 

1.2226 

0.96974 

2.8778 

1.40 

0.73971 

2.1200 

1.6897 

1.2547 

0.95819 

3.0492 

1.45 

0.71956 

2.2863 

1.7761 

1.2872 

0.94484 

3.2278 

1.50 

0.70109 

2.4583 

1.8621 

1.3202 

0.92979 

3.4133 

1.55 

0.68410 

2.6362 

1.9473 

1.3538 

0.91319 

3.6057 

1.60 

0.66844 

2.8200 

2.0317 

1.3880 

0.89520 

3.8050 

1.65 

0.65396 

3.0096 

2.1152 

1.4228 

0.87599 

4.0110 

1.70 

0.64054 

3.2050 

2.1977 

1.4583 

0.85572 

4.2238 

1.75 

0.62809 

3.4063 

2.2791 

1.4946 

0.83457 

4.4433 

1.80 

0.61650 

3.6133 

2.3592 

1.5316 

0.81268 

4.6695 

1.85 

0.60570 

3.8263 

2.4381 

1.5693 

0.79023 

4.9023 

1.90 

0.59562 

4.0450 

2.5157 

1.6079 

0.76736 

5.1418 

1.95 

0.58618 

4.2696 

2.5919 

1.6473 

0.74420 

5.3878 

2.00 

0.57735 

4.5000 

2.6667 

1.6875 

0.72087 

5.6404 

2.05 

0.56906 

4.7362 

2.7400 

1.7285 

0.69751 

5.8996 

2.10 

0.56128 

4.9783 

2.8119 

1.7705 

0.67420 

6.1654 

2.15 

0.55395 

5.2263 

2.8823 

1.8132 

0.65105 

6.4377 

2.20 

0.54706 

5.4800 

2.9512 

1.8569 

0.62814 

6.7165 

2.25 

0.54055 

5.7396 

3.0186 

1.9014 

0.60553 

7.0018 

2.30 

0.53441 

6.0050 

3.0845 

1.9468 

0.58329 

7.2937 

2.35 

0.52861 

6.2762 

3.1490 

1.9931 

0.56148 

7.5920 

2.40 

0.52312 

6.5533 

3.2119 

2.0403 

0.54014 

7.8969 

2.45 

0.51792 

6.8363 

3.2733 

2.0885 

0.51931 

8.2083 

2.50 

0.51299 

7.1250 

3.3333 

2.1375 

0.49901 

8.5261 

2.55 

0.50831 

7.4196 

3.3919 

2.1875 

0.47928 

8.8505 

2.60 

0.50387 

7.7200 

3.4490 

2.2383 

0.46012 

9.1813 

2.70 

0.49563 

8.3383 

3.5590 

2.3429 

0.42359 

9.8624 

2.80 

0.48817 

8.9800 

3.6636 

2.4512 

0.38946 

10.569 

2.90 

0.48138 

9.6450 

3.7629 

2.5632 

0.35773 

11.302 

3.00 

0.47519 

10.333 

3.8571 

2.6790 

0.32834 

12.061 

4.00 

0.43496 

18.500 

4.5714 

4.0469 

0.13876 

21.068 

5.00 

0.41523 

29.000 

5.0000 

5.8000 

0.06172 

32.653 

10.00 

0.38758 

116.50 

5.7143 

20.387 

0.00304 

129.22 
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CONCEPT-STUDY GUIDE PROBLEMS 

17.1 Which temperature does a thermometer or 
thermocouple measure? Would you ever need to 
correct that? 

17.2 A jet engine thrust is found from the overall mo- 
mentum equation. W here is the actual forceacting 
(it is not a long-range force in the flow)? 

17.3 M ost compressors have a small diffuser at the exit 
to reduce the high gas velocity near the rotating 
blades and increase the pressure in the exit flow. 
W hat does this do to the stagnation pressure? 

17.4 A diffuser is a divergent nozzle used to reduce a 
flow velocity. Istherea I i mi t for the M ach number 
for it to work this way? 

17.5 Sketch the variation in V, T, P, p, and M for 
a subsonic flow into a convergent nozzle with 
M = 1 at the exit plane. 

17.6 Sketch the variation in V, T, P, p, and M for a 
sonic (M = 1) flow into a divergent nozzle with 
M = 2 at the exit plane. 


17.7 Can any low enough backup pressure generate an 
isentropic supersonic flow? 

17.8 Is there any benefit to operate a nozzle choked? 

17.9 Can a shock be located upstream from the throat? 

17.10 The high-velocity exit flow in Example 17.7 is at 
183 K . Can that flow be used to cool a room? 

17.11 A convergent-divergent nozzle is presented for 
an application that requires a supersonic exit 
flow. W hat features of the nozzle do you look at 
first? 

17.12 To increase the flow through a choked nozzle, 
the flow can be heated/cooled or compressed/ 
expanded (four processes) before or after the noz- 
zle. Explain which of these eight possibilities will 
help and which will not. 

17.13 Suppose a convergent-divergent nozzle is oper- 
ated as cas eh in Fig. 17.17. What kind of nozzle 
could have the same exit pressure, but with a re- 
versible flow? 


HOMEWORK PROBLEMS 

Stagnation Properties 

17.14 A stationary thermometer measures 80°C inanair 
flow that has a velocity of 200 m/s. What is the 
actual flow temperature? 

17.15 Steam leaves a nozzle with a pressure of 500 kPa, 
a temperature of 350°C, and a velocity of 250 
m/s. What is the isentropic stagnation pressure 
and temperature? 

17.16 Steam at 1600 kPa, 300°C, flows so that it has a 
stagnation (total) pressure of 1800 kPa. Find the 
velocity and the stagnation temperature. 

17.17 A n object from space enters the earth's upper at- 
mosphere at 5 kPa, 100 K, with a relative velocity 
of 2000 m/s or more. Estimate the object’s surface 
temperature. 

17.18 The products of combustion of a jet engine leave 
the engine with a velocity relative to the plane of 
400 m/s, a temperature of 480°C, and a pressure 
of 75 kPa. Assuming that Ar = 1.32, C p = 1.15 kj / 
kg K for the products, determine the stagnation 
pressure and temperature of the products relative 
to the airplane. 


17.19 Steam i s fl ow i ng to a nozzl e w i th a pressure of 400 
kPa. The stagnation pressure and temperature are 
measured to be 600 kPa and 350°C . W hat are the 
flow velocity and temperature? 

17.20 A meteorite melts and burns up at a temperature 
of 3000 K . If it hits air at 5 kPa, 50 K, how high a 
velocity should it have to experience such a tem- 
perature? 

17.21 Air leaves a compressor in a pipe with a stagna- 
tion temperature and pressure of 150°C , 300 kPa, 
and a velocity of 125 m/s. The pipe has a 
cross-sectional area of 0.02 m 2 . Determine the 
static temperature and pressure and the mass flow 
rate. 

17.22 I drive down the highway at 110 km/h on a 25°C, 
101.3 kPa day. I put my hand, cross-sectional area 
0.01 m 2 , flat out the window. What is the force on 
my hand and what temperature do I feel? 

17.23 A stagnation pressure of 108 kPa is measured for 
an airflow where the pressure is 100 kPaand 20°C 
in the approach flow. W hat is the incoming veloc- 
ity? 
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Momentum Equation and Forces 

17.24 A 4-cm inner-diameter pipe has an inlet flow of 
10 kg/s water at 20°C, 200 kPa. After a 90 degree 
bend, as shown in Fig. P17.24, the exit flow is at 
20°C, 190 kPa. Neglect gravitational effects and 
find the anchoring forces F x and F y . 


i 


l 



y 



FIGURE P17.24 


17.25 A jet engine receives a flow of 150 m/s air at 
75 kPa, 5°C, across an area of 0.6 m 2 with an 
exit flow at 450 m/s, 75 kPa, 600 K . Find the mass 
flow rate and thrust. 

17.26 Flow large a force must be applied to a squirt gun 
to have 0.1 kg/s water flow out at 20 m/s? W hat 
pressure inside the chamber is needed? 

17.27 A jet engine at takeoff has air at 20°C, 100 kPa, 
coming at 35 m/s through the 1.5-m-diameter in- 
let. The exit flow is at 1200 K, 100 kPa, through 
the exit nozzle of 0.4 m diameter. Neglect the fuel 
flow rate and find the net force (thrust) on the en- 
gine. 

17.28 A water turbine using nozzles is located at the 
bottom of Hoover Dam 175 m below the surface 
of Lake M ead. The water enters the nozzles at a 
stagnation pressure corresponding to the column 
of water about it minus 20% due to losses. The 
temperature is 15°C , and the water leaves at stan- 
dard atmospheric pressure. If the flow through the 
nozzle is reversible and adiabatic, determine the 
velocity and kinetic energy per kilogram of water 
leaving the nozzle. 

17.29 A water cannon sprays 1 kg/s liquid water at a ve- 
locity of 100 m/s horizontally out from a nozzle. 

1 1 i s driven by a pumpthat receives the water from 
a tank at 15°C, 100 kPa. Neglect elevation differ- 
ences and the kinetic energy of the water flow in 
the pump and hose to the nozzle. Find the nozzle 
exit area, the required pressure out of the pump, 


and the horizontal force needed to hold the can- 
non. 

17.30 An irrigation pump takes water from a lake and 
discharges it through a nozzle, as shown in Fig. 
P17.30. At the pump exit the pressure is 700 kPa, 
and the temperature is 20°C . T he nozzle is located 
10 m above the pump, and the atmospheric pres- 
sureis 100 kPa. Assuming reversible flow through 
the system, determine the velocity of the water 
leaving the nozzle. 



17.31 A water tower on a farm holds 1 m 3 liquid water at 
20°C , 100 kPa, i n a tank on top of a 5-m-tal I tower. 
A pipeleadstotheground level with a tap that can 
open a 1.5-cm-diameter hole. Neglect fried on and 
pipe losses, and estimate the time it will take to 
empty the tank of water. 


Adiabatic 1-D Flow and Velocity of Sound 

17.32 Find the speed of sound for air at 100 kPa at the 
two temperatures 0°C and 30°C. Repeat the an- 
swer for carbon dioxide and argon gases. 

17.33 Find the expression for the anchoring force R x for 
an incompressible flow like the one in Fig. 17.6. 
Show that it can be written as 


Rx 


V, ~ Ve 
Vi + V e 


(P jAj + P e A e ) 


17.34 Estimate the speed of sound for steam directly 
from Eq. 17.25 and the steam tables for a state of 
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6 M Pa, 400°C. Use table values at 5 and 7 M Pa 
at the same entropy as the wanted state. Equation 
17.25 is then solved by finite difference. Find also 
the answer for the speed of sound, assumi ng steam 
is an ideal gas. 

17.35 Use the CATT3 software to solve the previous 
problem. 

17.36 If the sound of thunder is heard 5 seconds after 
the lightning is seen and the temperature is 20°C, 
how far away is the lightning? 

17.37 Find the speed of sound for carbon dioxide at 2500 
kPa, 60°C, using either the tables or the CATT3 
software (same procedure as in Problem 17.34) 
and compare that with Eq. 17.28. 

17.38 A jet flies at an altitudeof 12 km where the air is at 
-40°C, 45 kPa, with a velocity of 900 km/h. Find 
the M ach number and the stagnation temperature 
on the nose. 

17.39 Thespeedofsoundinliquidwaterat25°C isabout 
1500 m/s. Find the stagnation pressure and tem- 
perature for a M = 0.1 flow at 25°C, 100 kPa. Is 
it possible to get a significant M ach number flow 
of liquid water? 

Reversible Flow Through a Nozzle 

17.40 Steam flowing at 15 m/s, 1800 kPa, 300°C, ex- 
pands to 1600 kPa in a converging nozzle. Find 
the exit velocity and area ratio AJA,. 

17.41 A convergentnozzlehasaminimumareaofO.lm 2 
and receives air at 175 kPa, 1000 K, flowing with 
100 m/s. What is the back pressure that will pro- 
duce the maximum flow rate? Find that flow rate. 

17.42 A convergent-divergent nozzle has a throat area 
of 100 mm 2 and an exit area of 175 mm 2 . The 
inlet flow is helium at a total pressure of 1 M Pa, 
stagnation temperature of 375 K . W hat is the back 
pressure that will producea sonic condition at the 
throat but a subsonic condition everywhere else? 

17.43 To what pressure should the steam in Problem 
17.40 expand to reach M ach 1? U se constant spe- 
cific heats to solve this problem. 

17.44 A jet plane travels through the air with a speed 
of 1000 km/h at an altitude of 6 km, where the 
pressure is 40 kPa and the temperature is -12°C. 
Consider the inlet diffuser of the engine, where 
air leaves with a velocity of 100 m/s. Deter- 
mine the pressure and temperature leaving the 


diffuser and the ratio of inlet to exit area of the 
diffuser, assuming the flow to be reversible and 
adiabatic. 

17.45 Airflows into a convergent-divergent nozzle with 
an exit area of 1.59 times the throat area of 0.005 
m 2 . The inlet stagnation state is 1 M Pa, 600 K. 
Find the back pressure that will cause subsonic 
flow throughout the entire nozzle with M = 1 at 
the throat. W hat is the mass flow rate? 

17.46 A nozzle is designed assuming reversible adia- 
batic flow with an exit M ach number of 2.6 while 
flowing air with a stagnation pressure and tem- 
perature of 2 M Pa and 150°C, respectively. The 
mass flow rate is 5 kg/s, and k may be assumed to 
be 1.40 and constant. Determine the exit pressure, 
temperature and area, and the throat area. 

17.47 An airflow at 600 kPa, 600 K, M = 0.2 flows into 
a convergent-divergent nozzle with M = 1 at the 
throat. Assumea reversible flow with an exit area 
twicethe throat area and find the exit pressure and 
temperature for subsonic exit flow to exist. 

17.48 A i r at 150 kPa, 290 K , expands to the atmosphere 
at 100 kPa through a convergent nozzle with an 
exit area of 0.01 m 2 . Assume an ideal nozzle. 
What is the percent error in mass flow rate if the 
flow is assumed incompressible? 

17.49 Find the exit pressure and temperature for super- 
sonic exit flow to exist in the nozzleflow of Prob- 
lem 17.47. 

17.50 Airisexpanded in a nozzle from a stagnation state 
of 2 M Pa, 600 K , to a back pressure of 1.9 M Pa. 
If the exit cross-sectional area is 0.003 m 2 , find 
the mass flow rate. 

17.51 A 1-m 3 insulated tank contains air at 1 M Pa, 560 
K . The air in the tank is now discharged through 
a small convergent nozzle to the atmosphere at 
100 kPa. The nozzle has an exit area of 
2 x 10~ 5 m 2 . 

a. Find the initial mass flow rate out of the tank. 

b. Find the mass flow rate when half of the mass 
has been discharged. 

17.52 A convergent-divergent nozzle has a throat diam- 
eter of 0.05 m and an exit diameter of 0.1 m. The 
inlet stagnation state is 500 kPa, 500 K . Find the 
back pressure that will lead to the maximum pos- 
sible flow rate and the mass flow rate for three 
different gases: air, hydrogen, or carbon dioxide. 
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17.53 Air is expanded in a nozzle from a stagnation state 
of 2 M Pa, 600 K , to a static pressure of 200 kPa. 
The mass flow rate through the nozzle is 5 kg/s. 
Assume the flow is reversible and adiabatic and 
determine the throat and exit areas for the nozzle. 

17.54 A ir flows into a convergent-divergent nozzle with 
an exit area 2.0 times the throat area of 0.005 m 2 . 
The inlet stagnation state is 1 M Pa, 600 K . Find 
the back pressure that will cause a reversible su- 
personic exit flow with M = 1 at the throat. W hat 
is the mass flow rate? 

17.55 What is the exit pressure that will allow a re- 
versible subsonic exit flow in the previous prob- 
lem? 

17.56 A flow of helium flows at 500 kPa, 500 K, with 
100 m/s into a convergent-divergent nozzle. Find 
the throat pressure and temperature for reversible 
flow and M =1 at the throat. 

17.57 Assume the same tank and conditions as in Prob- 
lem 17.51. After someflow outof the nozzle, flow 
becomes subsonic. Find the mass in the tank and 
the mass flow rate out at that instant. 

17.58 A given convergent nozzle operates so that it is 
choked with stagnation inlet flow properties of 
400 kPa, 400 K . To increase the flow, a reversible 
adiabatic compressor is added before the nozzleto 
increase the stagnation flow pressure to 500 kPa. 
W hat happens to the flow rate? 

17.59 A l-m 3 uninsulatedtankcontainsairatlM Pa, 560 
K . The air in the tank is now discharged through 
a small convergent nozzle to the atmosphere at 
100 kPa, while heat transfer from some source 
keeps the ai r temperature i n the tank at 560 K . T he 
nozzle has an exit area of 2 x 10~ 5 m 2 . 

a. Find the initial mass flow rate out of the tank. 

b. Find the mass flow rate when half of the mass 
has been discharged. 

17.60 Assume the same tank and conditions as in Prob- 
lem 17.59. After some flow out, the nozzle flow 
becomes subsonic. Find the mass in the tank and 
the mass flow rate out at that instant. 

Normal Shocks 

17.61 The products of combustion, use air, enter a con- 
vergent nozzle of a jet engine at a total pressure 
of 125 kPa, and a total temperature of 650°C. The 
atmospheric pressure is 45 kPa, and the flow is 


adiabatic, with a rate of 25 kg/s. Determine the 
exit area of the nozzle. 

17.62 Redo the previous problem for a mixture with 
k — 1.3 and a molecular mass of 31. 

17.63 At what M ach number will the normal shock oc- 
cur in the nozzle of Problem 17.52 flowing with 
air if the back pressure is halfway between the 
pressures ate and d in Fig. 17.17? 

17.64 Consider the nozzle of Problem 17.53 and de- 
termine what back pressure will cause a normal 
shock to stand in the exit plane of the nozzle. This 
iscaseg in Fig. 17.17. What is the mass flow rate 
under these conditions? 

17.65 A normal shock in air has upstream total pressure 
of 500 kPa, stagnation temperature of 500 K , and 
M x = 1.2. Find the downstream stagnation pres- 
sure. 

17.66 Flow much entropy per kilogram of flow is gener- 
ated in the shock in Example 17.9? 

17.67 Consider the diffuser of a supersonic aircraft fly- 
ing at M = 1.4 at such an altitude that the tem- 
perature is -20°C and the atmospheric pressure is 
50 kPa. Consider two possible ways in which the 
d i ff user m i g ht o perate, and f o r eac h case cal c u I ate 
the throat area required for a flow of 50 kg/s. 

a. The diffuser operates as reversible adiabatic 
with subsonic exit velocity. 

b. A normal shock stands at the entrance to the 
diffuser. Except for the normal shock the flow 
is reversible and adiabatic, and the exit veloc- 
ity is subsonic. This is shown in Fig. P17.67. 
Assume a convergent-divergent diffuser with 
M = 1 at the throat. 



Normal shock 


FIGURE PI 7.67 


17.68 A flow into a normal shock in air has a total pres- 
sure of 400 kPa, stagnation temperature of 600 K, 
and M x = 1.2. Find the upstream temperature T x , 
the specific entropy generation in the shock, and 
the downstream velocity. 
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17.69 Consider the nozzle in Problem 17.42. What 
should the back pressure be for a normal shock to 
stand at the exit pi ane (this i s caseg in Fig. 17. 17.)? 
W hat is the exit velocity after the shock? 

17.70 Find the specific entropy generation in the shock 
of the previous problem. 

Nozzles, Diffusers, and Orifices 

17.71 Steam at 600 kPa, 300°C, is fed to a set of con- 
vergent nozzl es i n a steam turbi ne. T he total noz- 
zle exit area is 0.005 m 2 , and the nozzles have a 
discharge coefficient of 0.94. The mass flow rate 
should be estimated from the pressure drop across 
the nozzles, which is measured to be 200 kPa. De- 
termine the mass flow rate. 

17.72 Air enters a diffuser with a velocity of 200 m/s, 
a static pressure of 70 kPa, and a temperature of 
-6°C. The velocity leaving the diffuser is 60 m/s, 
and the static pressure at the diffuser exit is 80 
kPa. Determine the static temperature at the dif- 
fuser exit and the diffuser efficiency. Compare the 
stagnation pressures at the inlet and the exit. 

17.73 Repeat Problem 17.44, assuming a diffuser effi- 
ciency of 80%. 

17.74 A sharp-edged orifice is used to measure the flow 
of air in a pipe. The pipe diameter is 100 mm, and 
the diameter of the orifice is 25 mm. Upstream 
of the orifice, the absolute pressure is 150 kPa, 
and the temperature is 35°C. The pressure drop 
across the orifice is 15 kPa, and the coefficient of 
discharge is 0.62. Determine the mass flow ratein 
the pipeline. 

17.75 A critical nozzle is used for the accurate mea- 
surement of the flow rate of air. Exhaust from a 
car engine is diluted with air, so its temperature 
is 50°C at a total pressure of 100 kPa. It flows 
through the nozzle with a throat area of 700 mm 2 
by suction from a blower. Find the needed suction 
pressure that will lead to critical flow inthe nozzle, 
the mass flow rate, and the blower work, assum- 
ing the blower exitisat atmospheric pressure, 100 
kPa. 

17.76 Air isexpanded in a nozzlefrom 700 kPa, 200°C, 
to 150 kPa in a nozzle having an efficiency of 
90%. The mass flow rate is 4 kg/s. Determine the 
exit area of the nozzle, the exit velocity, and the 
increase of entropy per kilogram of air. Compare 


these results with those of a reversible adiabatic 
nozzle. 

17.77 Steam at a pressure of 1 M Pa and a temperature 
of 400°C expands i n a nozzle to a pressure of 200 
kPa. The nozzle efficiency is 90%, and the mass 
flow rate is 10 kg/s. Determine the nozzle exit area 
and the exit velocity. 

17.78 Steam at 800 kPa, 350°C, flows through a 
convergent-divergent nozzle that has a throat area 
of 350 mm 2 . The pressure at the exit plane is 150 
kPa, and the exit velocity is 800 m/s. The flow 
from the nozzle entrance to the throat is reversible 
and adiabatic. Determine the exit area of the noz- 
zle, the overall nozzle efficiency, and the entropy 
generation in the process. 

17.79 A convergent nozzle with an exit diameter of 
2 cm has an air inlet flow of 20°C, 101 kPa 
(stagnation conditions). The nozzle has an isen- 
tropic efficiency of 95%, and the pressure drop is 
measured to be a 50-cm water column. Find the 
mass flow rate, assuming compressible adiabatic 
flow. Repeat this calculation for incompressible 
flow. 

17.80 The coefficient of discharge of a sharp-edged ori- 
fice is determined at one set of conditions by the 
u se o f a n ac c u r atel y c a I i b rated g aso m ete r. T h e o r i - 
fice has a diameter of 20 mm, and the pipe diam- 
eter is 50 mm. The absolute upstream pressure is 
200 kPa, and the pressure drop across the orifice 
is 82 mm Fig. The temperature of the air entering 
the orifice is 25°C, and the mass flow rate mea- 
sured with the gasometer is 2.4 kg/min. W hat is 
the coefficient of discharge of the orifice under 
these conditions? 

17.81 A convergent nozzle is used to measure the flow of 
air to an engine. The atmosphere is 100 kPa, 25°C . 
The nozzle used has a minimum area of 2000 
mm 2 , and the coefficient of discharge is 0.95. A 
pressure difference across the nozzle is measured 
to be 2.5 kPa. Find the mass flow rate, assuming 
incompressible flow. Also find the mass flow rate, 
assuming compressible adiabatic flow. 

Review Problems 

17.82 Atmospheric air is at 20°C , 100 kPa, with zero ve- 
locity. An adiabatic reversible compressor takes 
atmospheric air in through a pipe with a cross- 
sectional area of 0.1 m 2 at a rate of 1 kg/s. It is 
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compressed up to a measured stagnation pressure 
of 500 kPa and leaves through a pipe with a cross- 
sectional area of 0.01 m 2 . What are the required 
compressor work and the air velocity, static pres- 
sure, and temperature in the exit pipeline? 

17.83 The nozzle in Problem 17.46 will have a throat 
area of 0.001272 m 2 and an exit area 2.896 times 
as large. Suppose the back pressure is raised to 


1.4 M Pa and the flow remains isentropic, except 
for a normal shock wave. Verify that the shock 
M ach number (M x ) is close to 2 and find the exit 
M ach number, the temperature, and the mass flow 
rate through the nozzle. 

17.84 At what M ach number will the normal shock oc- 
cur in the nozzle of Problem 17.53 if the back 
pressure is 1.4 M Pa? (T rial and error on M x .) 
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17.85 Steam leaves a nozzle with a velocity of 800 
ft/s. The stagnation pressure is 100 lbf/in. 2 , and 
the stagnation temperature is 500 F. W hat is the 
static pressure and temperature? 

17.86S Air leaves the compressor of a jet engine at a 
temperature of 300 F, a pressure of 45 lbf/in. 2 , 
and a velocity of 400 ft/s. Determine the isen- 
tropic stagnation temperature and pressure. 

17.87E A meteorite melts and burns up at a temperature 
of 5500 R. If it hits air at 0.75 lbf/in. 2 , 90 R, what 
velocity should it have to reach this tempera- 
ture? 

17.88 A jet engine receives a flow of 500 ft/s air at 10 
lbf/in. 2 , 40 F, inlet area of 7 ft 2 with an exit at 
1500 ft/s, 10 lbf/in. 2 , 1100 R. Find the mass flow 
rate and thrust. 

17.89 A water turbine using nozzles is located at the 
bottom of Floover Dam 575 ft below the surface 
of LakeM ead. The water enters the nozzles at a 
stag nati o n pressu re co rrespo nd i ngtothecolumn 
of water above it minus 20% due to friction. The 
temperature is 60 F, and the water leaves at stan- 
dard atmospheric pressure. If the flow through 
the nozzle is reversible and adiabatic, determine 
the velocity and kinetic energy per Ibm of water 
leaving the nozzle. 

17.90E Find the speed of sound in air at 15 lbf/in. 2 at 
the two temperatures of 32 F and 90 F. Repeat 
the answer for carbon dioxide and argon gases. 

17.91 A jet plane flies at an altitude of 40 000 ft where 
the air is at -40 F, 6.5 psia, with a velocity of 
560 mi/h. Find the M ach number and the stag- 
nation temperature on the nose. 

17.92 Steam flowing at 50 ft/s, 200 psia, 600 F, ex- 
pands to 150 psia in a converging nozzle. Find 
the exit velocity and area ratio AJA,. 


17.93E A convergentnozzlehasaminimumareaof lft 2 
and receives air at 25 lbf/in. 2 , 1800 R, flowing 
at 330 ft/s. What is the back pressure that will 
produce the maximum flow rate? 

17.94E A jet plane travels through the air with a speed 
of 600 mi/h at an altitude of 20 000 ft, where the 
pressure is 5.75 lbf/in. 2 and the temperature is 
25 F. Consider the diffuser of the engine where 
air leaves with a velocity of 300 ft/s. Determine 
the pressure and temperature leavi ng the diffuser 
and the ratio of inlet to exit area of the diffuser, 
assuming the flow to be reversible and adiabatic. 

17.95 An air flow at 90 psia, 1100 R, M = 0.2 flows 
into a convergent-divergent nozzle with M = 1 
at the throat. Assume a reversible flow with an 
exit area twice the throat area and find the exit 
pressure and temperature for subsonic exit flow 
to exist. 

17.96E Air is expanded in a nozzle from 300 lbf/in. 2 , 
1100 R, to 30 lbf/in. 2 . The mass flow rate through 
the nozzle is 10 Ibm/s. Assume the flow is re- 
versible and adiabatic and determine the throat 
and exit areas for the nozzle. 

17.97 A 50-ft 3 uninsulated tank contains air at 150 
lbf/in. 2 , 1000 R. The tank is now discharged 
through a small convergent nozzle to the atmo- 
sphere at 14.7 lbf/in. 2 while heat transfer from 
some source keeps the air temperature in the 
tank at 1000 R. The nozzle has an exit area of 
2 x 10- 4 ft 2 . 

a. Find the initial mass flow rateoutof the tank. 

b. Find the mass flow rate when half of the mass 
has been discharged. 

c. Find the mass of air in the tank and the mass 
flow rateoutof the tank when the nozzleflow 
becomes subsonic. 
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17.98 : Helium flows at 75 psia, 900 R, 330 ft/s into 
a convergent-divergent nozzle. Find the throat 
pressure and temperature for reversible flow and 
M = 1 at the throat. 

17.99 E The products of combustion enter a nozzle of a 
jet engine at a total pressure of 18 lbf/in. 2 and 
a total temperature of 1200 F. The atmospheric 
pressure is 6.75 lbf/in. 2 . The nozzle is conver- 
gent, and the mass flow rate is 50 1 bm/s. Assume 
the flow is air and adiabatic. Determine the exit 
area of the nozzle. 

17.100E A normal shock in air has upstream total pres- 
sure of 75 psi a, stag nati o n tern peratu re of 900 R , 
and M x = 1.2. Find the downstream stagnation 
pressure. 

17.101E A ir enters a diffuser with a velocity of 600 ft/s, a 
static pressure of 10 lbf/in. 2 , and a temperature 


of 20 F. The velocity leaving the diffuser is 200 
ft/s, and the static pressure at the diffuser exit is 
11.7 lbf/in. 2 . Determine the static temperature at 
the diffuser exit and the diffuser efficiency. Com- 
pare the stag nati on pressures at the i nl et and the 
exit. 

17.102E Repeat Problem 17. 94E, assuming a diffuser ef- 
ficiency of 80%. 

17.1030 A convergent nozzle with an exit diameter of 
1 in. has an air inlet flow of 68 F, 14.7 lbf/in. 2 
(stagnation conditions). The nozzle has an isen- 
tropic efficiency of 95%, and the pressuredrop is 
measured to be a 20-in. water column. Find the 
mass flow rate assuming compressible adiabatic 
flow. Repeat this calculation for incompressible 
flow. 


COMPUTER, DESIGN, AND OPEN-ENDED PROBLEMS 


17.104 Develop a program that calculates the stagna- 
tion pressure and temperature from a static pres- 
sure, temperature, and velocity. Assume the fluid 
is air with constant specific heats. If the in- 
verse relation is sought, one of the three prop- 
erties in the flow must be given. Include that case 
also. 

17.105 Use the menu-driven software to solve Problem 
17.78. Find from the menu-driven steam tables the 
ratio of specific heats at the inlet and the speed of 
sound from its definition in Eq. 17.28. 

17.106 (Adv.) Develop a program that will track the pro- 
cess in time as described in Problems 17.51 and 
17.53. Investigate the time it takes to bring thetank 
pressure to 125 kPa as a function of the size of the 
nozzle exit area. Plot several of the key variables 
as functions of time. 

17.107 A pump can deliver liquid water at an exit pres- 
sure of 400 kPa using 0.5 kW of power. Assume 
that the inlet is water at 100 kPa, 15°C, and that 
the pipe size is the same for the inlet and exit. 
Design a nozzleto be mounted on theexitlineso 
that the water exit velocity is at least 20 m/s. Show 
the exit velocity and mass flow rate as functions 
of the nozzle exit area with the same power to the 
pump. 


17.108 In all the problems in the text, the efficiency of a 
pump or compressor has been given as a constant. 
In reality, it is a function of the mass flow rate 
and the fluid state through the device. Examine 
the literature for the characteristics of a real air 
compressor (blower). 

17.109 T he throttl e plate i n a carburetor severely restricts 
the air flow where at idle it is critical flow. For 
normal atmospheric conditions, estimate the in- 
I et temperature and pressure to the cy I i nder of the 
engine. 

17.110 For an experiment in the laboratory, the air flow 
rate shoul d be measured. T he range should be 0.05 
to 0.10 kg/s, andtheflow should be delivered to the 
experimentatllOkPa.Sizeone(ortwo in parallel) 
convergent nozzl e(s) that sit(s) i n a pi ate. T he ai r i s 
drawn through the nozzle(s) by suction of a blower 
that delivers the air at 110 kPa. What should be 
measured, and what accuracy can be expected? 

17.111 An afterburner in a jet engine adds fuel that is 
burned after the turbine but before the exit noz- 
zle that accelerates the gases. Examine the effect 
on nozzle exit velocity of having a higher inlet 
temperature but the same pressure as without the 
afterburner. A re these nozzl es operati ng w ith sub- 
sonic or supersonic flow? 


APPENDIX 


SI Units: 

Single-State 

Properties 



TABLE A.1 

C onversion Factors 


Area (A) 

1 mm 2 = 1.0 x 10~ 6 m 2 

1 cm 2 = 1.0 x 10- 4 m 2 = 0.1550 in. 2 
lm 2 = 10.7639 ft 2 

1ft 2 =144 in. 2 

1 in. 2 = 6.4516 cm 2 = 6.4516 x 10~ 4 m 2 
1ft 2 = 0.092 903 m 2 

Conductivity ( k ) 

lW/m-K = lJ/s-m-K 

= 0.577 789 Btu/h-ft-°R 

lBtu/h-ft-R = 1.730 735 W/m-K 

Density (p) 

1 kg/m 3 = 0.06242797 lbm/ft 3 

1 g/cm 3 = 1000 kg/m 3 

1 g/cm 3 = 1 kg/L 

1 lbm/ft 3 = 16.018 46 kg/m 3 

E nergy (E , U ) 

1J = 1 N-m = 1 kg-m 2 /s 2 

1J = 0.737 562 Ibf-ft 

leal (Int.) =4.18681 J 

lerg = 1.0xl0- 7 J 

leV = 1.602 177 33 x 10~ 19 J 

1 Ibf-ft = 1.355 818 J 

= 1.28507 x 10- 3 Btu 

1 Btu (Int.) = 1.055 056 kj 
= 778.1693 Ibf-ft 

Force (F ) 

IN = 0.224809 Ibf 

1 kp = 9.80665 N (1 kgf) 

1 Ibf = 4.448 222 N 

G ravitation 

g = 9.80665 m/s 2 

g = 32.17405 ft/s 2 

H eat capacity (C p , C C ), specific entropy (s) 

1 kJ/kg-K = 0.238 846 Btu/lbm-°R 

1 Btu/lbm-°R = 4.1868 kJ/kg-K 

H eat flux (per unit area) 

lW/m 2 = 0.316 998 Btu/h-ft 2 

1 Btu/h-ft 2 = 3.15459 W/m 2 
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table A.i ( continued ) 

C onversion Factors 


Heat-transfer coefficient (h) 

1 W/m 2 -K = 0.176 11 Btu/h-ft 2 -°R 

1 Btu/h-ft 2 -°R = 5.67826 W/m 2 -K 

L ength (L ) 

1 mm = 0.001 m = 0.1 cm 

1ft =12 in. 

1 cm = 0.01 m = 10 mm = 0.3970 in. 

1 in. = 2.54 cm = 0.0254 m 

lm = 3.28084 ft = 39.370 in. 

1ft = 0.3048 m 

1 km = 0.621 371 mi 

1 mi = 1.609344 km 

1 mi = 1609.3 m (U S statute) 

1 yd = 0.9144 m 

M ass (m) 

1kg = 2.204 623 Ibm 

1 Ibm = 0.453 592 kg 

1 tonne = 1000 kg 

1 slug = 14.5939 kg 

1 grain = 6.47989 x 10 -5 kg 

1 ton = 2000 Ibm 

M oment (torque, T ) 

lN-m = 0.737 562 Ibf-ft 

1 Ibf-ft = 1.355 818 N-m 

M omentum (mV) 

1 kg-m/s = 7.232 94 Ibm-ft/s 

1 Ibm-ft/s = 0.138 256 kg- m/s 

= 0.224809 Ibf-s 

Power (0, IV) 

1W = 1 J/s = 1 N-m/s 

1 Ibf-ft/s =1.355 818 W 

= 0.737 562 Ibf-ft/s 

= 4.626 24 Btu/h 

IkW = 3412.14 Btu/h 

lBtu/s = 1.055 056 kW 

1 hp (metric) = 0.735 499 kW 

1 hp (UK) = 0.7457 kW 
= 550 Ibf-ft/s 
= 2544.43 Btu/h 

1 ton of 

1 ton of 

refrigeration = 3.516 85 kW 

refrigeration = 12 000 Btu/h 

Pressure (P) 

1 Pa = 1 N/m 2 = 1 kg/m-s 2 

llbf/in. 2 = 6.894 757 kPa 

1 bar = 1.0 x 10 5 Pa= 100 kPa 

1 arm = 101.325 kPa 

1 atm = 14.695 94 lbf/in. 2 

= 1.01325 bar 

= 29.921 in. Hg [32°F] 

= 760 mm Hg [0°C] 

= 33.899 5 ft H 2 0 [4°C] 

= 10.332 56 mH 2 0 [4°C] 
ltorr = 1 mm Hg [0°C] 

1 mm Hg [0°C] = 0.133 322 kPa 

1 in. Hg [0°C] = 0.49115 lbf/in. 2 

1 mH 2 0 [4°C] = 9.806 38 kPa 

1 in. H 2 0 [4°C] = 0.036126 lbf/in. 2 

Specific energy (e, u) 

1 kj/kg = 0.42992 Btu/lbm 

1 Btu/lbm = 2.326 kj/kg 

= 334.55 1 bf-ft/lbm 

1 1 bf-ft/lbm = 2.98907 x 10- 3 kj/kg 

= 1.28507 x 10- 3 Btu/lbm 
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table A. 1 ( continued ) 

C onversion Factors 


Specific kinetic energy V 2 ) 

1 m 2 /s 2 = 0.001 kj/kg 

1 kj/kg = 1000 m 2 /s 2 

1 ft 2 /s 2 = 3.9941 x 10~ 5 Btu/lbm 

1 Btu/lbm = 25037 ft 2 /s 2 

Specific potential energy (Zg) 

1 m-g std = 9.80665 x 10- 3 kj/kg 
= 4.21607 x 10 3 B tu/l bm 

1 ft-gstd = 1.0 1 bf-ft/l bm 

= 0.001285 Btu/lbm 
= 0.002989 kj/kg 

Specific volume (v) 

1 cm 3 /g = 0.001 m 3 /kg 

1 cm 3 /g = 1 L/kg 

1 m 3 /kg = 16.01846 ft 3 /l bm 

1 ft 3 /l bm = 0.062 428 m 3 /kg 

Temperature (T) 

1 K = 1°C = 1.8 R = 1.8 F 

TC =TK - 273.15 
= (TF - 32)/1.8 

TK = TR/1.8 

1 R = (5/9) K 

TF = TR - 459.67 
= 1.8 TC +32 

TR = 1.8 TK 

Universal Gas Constant 

R = N 0 k = 8.31451 kJ/kmol-K 
= 1.98589 kcal/kmol-K 
= 82.0578 atm-L/kmol-K 

R = 1.98589 B tu/l bmol-R 
= 1545.36 1 bf-ft/l bmol-R 
= 0.73024 atm-ft 3 /l bmol-R 
= 10.7317 (lbf/in. 2 )-ft 3 /l bmol-R 

Velcoity (V) 

1 m/s = 3.6 km/h 
= 3.28084 ft/s 
= 2.23694 mi/h 

1 km/h = 0.27778 m/s 
= 0.91134 ft/s 
= 0.62137 mi/h 

1 ft/s =0.681818 mi/h 
= 0.3048 m/s 
= 1.09728 km/h 

1 mi/h = 1.46667 ft/s 
= 0.44704 m/s 
= 1.609344 km/h 

Volume (V) 

1 m 3 = 35.3147 ft 3 

1L = 1 dm 3 = 0.001m 3 

1 Gal (US) = 3.785 412 L 

= 3.785 412 x 10- 3 m 3 

1 ft 3 = 2.831 685 x 10- 2 m 3 

1 in. 3 = 1.6387 x 10- 5 m 3 

1 Gal (UK) = 4.546 090 L 

1 Gal (US) = 231.00 in. 3 
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TABLE A.2 

Critical Constants 


Substance 

Formula 

Molec. 

Mass 

Temp. 

(K) 

Press. 

(MPa) 

Vol. 

(m 3 /kg) 

Ammonia 

nh 3 

17.031 

405.5 

11.35 

0.00426 

Argon 

Ar 

39.948 

150.8 

4.87 

0.00188 

Bromine 

Br 2 

159.808 

588 

10.30 

0.000796 

Carbon dioxide 

C0 2 

44.01 

304.1 

7.38 

0.00212 

Carbon monoxide 

CO 

28.01 

132.9 

3.50 

0.00333 

Chlorine 

ci 2 

70.906 

416.9 

7.98 

0.00175 

Fluorine 

f 2 

37.997 

144.3 

5.22 

0.00174 

H elium 

He 

4.003 

5.19 

0.227 

0.0143 

H ydrogen (normal) 

h 2 

2.016 

33.2 

1.30 

0.0323 

K rypton 

Kr 

83.80 

209.4 

5.50 

0.00109 

Neon 

Ne 

20.183 

44.4 

2.76 

0.00206 

N itric oxide 

NO 

30.006 

180 

6.48 

0.00192 

N itrogen 

n 2 

28.013 

126.2 

3.39 

0.0032 

N itrogen dioxide 

no 2 

46.006 

431 

10.1 

0.00365 

N itrous oxide 

n 2 o 

44.013 

309.6 

7.24 

0.00221 

Oxygen 

o 2 

31.999 

154.6 

5.04 

0.00229 

Sulfur dioxide 

S0 2 

64.063 

430.8 

7.88 

0.00191 

Water 

H 2 0 

18.015 

647.3 

22.12 

0.00317 

Xenon 

Xe 

131.30 

289.7 

5.84 

0.000902 

Acetylene 

c 2 h 2 

26.038 

308.3 

6.14 

0.00433 

Benzene 

c 6 h 6 

78.114 

562.2 

4.89 

0.00332 

n-Butane 

C 4 H 10 

58.124 

425.2 

3.80 

0.00439 

C hlorodifl uoroethane (142b) 

ch 3 ccif 2 

100.495 

410.3 

4.25 

0.00230 

Chlorodifluoromethane ( 22 ) 

CHCIF 2 

86.469 

369.3 

4.97 

0.00191 

Dichlorofl uoroethane (141) 

ch 3 cci 2 f 

116.95 

481.5 

4.54 

0.00215 

D ichlorotrifl uoroethane (123) 

chci 2 cf 3 

152.93 

456.9 

3.66 

0.00182 

Difl uoroethane (152a) 

chf 2 ch 3 

66.05 

386.4 

4.52 

0.00272 

Difluoromethane (32) 

cf 2 h 2 

52.024 

351.3 

5.78 

0.00236 

Ethane 

c 2 h 6 

30.070 

305.4 

4.88 

0.00493 

Ethyl alcohol 

c 2 h 5 oh 

46.069 

513.9 

6.14 

0.00363 

Ethylene 

c 2 h 4 

28.054 

282.4 

5.04 

0.00465 

n-Heptane 

C 7 H 16 

100.205 

540.3 

2.74 

0.00431 

n-Hexane 

C 6 Hl4 

86.178 

507.5 

3.01 

0.00429 

M ethane 

ch 4 

16.043 

190.4 

4.60 

0.00615 

M ethyl alcohol 

ch 3 oh 

32.042 

512.6 

8.09 

0.00368 

n-Octane 

CsH is 

114.232 

568.8 

2.49 

0.00431 

Pentafl uoroethane (125) 

chf 2 cf 3 

120.022 

339.2 

3.62 

0.00176 

n-Pentane 

C 5 H 12 

72.151 

469.7 

3.37 

0.00421 

Propane 

c 3 H 8 

44.094 

369.8 

4.25 

0.00454 

Propene 

c 3 h 6 

42.081 

364.9 

4.60 

0.00430 

Refrigerant mixture 

R-410a 

72.585 

344.5 

4.90 

0.00218 

Tetrafl uoroethane (134a) 

cf 3 ch 2 f 

102.03 

374.2 

4.06 

0.00197 
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TABLE A.3 

Properties of Selected Solids at 25 C 


Substance 

P 

(kg/m 3 ) 

C„ 

(kJ/kg-K) 

Asphalt 

2120 

0.92 

Brick, common 

1800 

0.84 

Carbon, diamond 

3250 

0.51 

Carbon, graphite 

2000-2500 

0.61 

Coal 

1200-1500 

1.26 

Concrete 

2200 

0.88 

Glass, plate 

2500 

0.80 

Glass, wool 

20 

0.66 

Granite 

2750 

0.89 

Ice (0°C) 

917 

2.04 

Paper 

700 

1.2 

Plexiglass 

1180 

1.44 

Polystyrene 

920 

2.3 

Polyvinyl chloride 

1380 

0.96 

Rubber, soft 

1100 

1.67 

Sand, dry 

1500 

0.8 

Salt, rock 

2100-2500 

0.92 

Silicon 

2330 

0.70 

Snow, firm 

560 

2.1 

Wood, hard (oak) 

720 

1.26 

Wood, soft (pine) 

510 

1.38 

Wool 

100 

1.72 

Metals 



Aluminum 

2700 

0.90 

Brass, 60-40 

8400 

0.38 

Copper, commercial 

8300 

0.42 

Gold 

19300 

0.13 

1 ron, cast 

7272 

0.42 

Iron, 304 St Steel 

7820 

0.46 

Lead 

11340 

0.13 

M agnesium, 2% M n 

1778 

1.00 

N ickel, 10% Cr 

8666 

0.44 

Silver, 99.9% Ag 

10524 

0.24 

Sodium 

971 

1.21 

Tin 

7304 

0.22 

Tungsten 

19300 

0.13 

Zinc 

7144 

0.39 


TABLE A.4 

Properties of Some L iquids at25°C * 


Substance 

P 

(kg/m 3 ) 

C„ 

(kJ/kg-K) 

Ammonia 

604 

4.84 

Benzene 

879 

1.72 

Butane 

556 

2.47 

CCI 4 

1584 

0.83 

C0 2 

680 

2.9 

Ethanol 

783 

2.46 

Gasoline 

750 

2.08 

Glycerine 

1260 

2.42 

Kerosene 

815 

2.0 

M ethanol 

787 

2.55 

n-Octane 

692 

2.23 

Oil engine 

885 

1.9 

Oil light 

910 

1.8 

Propane 

510 

2.54 

R -12 

1310 

0.97 

R -22 

1190 

1.26 

R -32 

961 

1.94 

R -125 

1191 

1.41 

R-134a 

1206 

1.43 

R-410a 

1059 

1.69 

Water 

997 

4.18 

Liquid metals 

Bismuth, Bi 

10040 

0.14 

Lead, Pb 

10660 

0.16 

M ercury, Hg 

13580 

0.14 

NaK (56/44) 

887 

1.13 

Potassium, K 

828 

0.81 

Sodium, Na 

929 

1.38 

Tin, Sn 

6950 

0.24 

Zinc, Zn 

6570 

0.50 


*0r T m eit if higher. 
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TABLE A.5 

Properties of Various Ideal Gases at 25 C, 100 kPa* (SI Units) 


Gas 

Chemical 

Formula 

M olecular 

M ass (kg/kmol) 

R 

(kJ/kg-K) 

P 

(kg/m 3 ) 

C po 

(kJ/kg-K) 

C vO 

(kJ/kg-K) 

-I s 

L. y 

Steam 

H 2 0 

18.015 

0.4615 

0.0231 

1.872 

1.410 

1.327 

Acetylene 

C 2 H 2 

26.038 

0.3193 

1.05 

1.699 

1.380 

1.231 

Air 

- 

28.97 

0.287 

1.169 

1.004 

0.717 

1.400 

Ammonia 

nh 3 

17.031 

0.4882 

0.694 

2.130 

1.642 

1.297 

Argon 

Ar 

39.948 

0.2081 

1.613 

0.520 

0.312 

1.667 

B utane 

C4H 10 

58.124 

0.1430 

2.407 

1.716 

1.573 

1.091 

Carbon dioxide 

co 2 

44.01 

0.1889 

1.775 

0.842 

0.653 

1.289 

Carbon monoxide 

CO 

28.01 

0.2968 

1.13 

1.041 

0.744 

1.399 

Ethane 

c 2 H 6 

30.07 

0.2765 

1.222 

1.766 

1.490 

1.186 

Ethanol 

c 2 h 5 oh 

46.069 

0.1805 

1.883 

1.427 

1.246 

1.145 

Ethylene 

c 2 h 4 

28.054 

0.2964 

1.138 

1.548 

1.252 

1.237 

Helium 

He 

4.003 

2.0771 

0.1615 

5.193 

3.116 

1.667 

Hydrogen 

h 2 

2.016 

4.1243 

0.0813 

14.209 

10.085 

1.409 

M ethane 

ch 4 

16.043 

0.5183 

0.648 

2.254 

1.736 

1.299 

M ethanol 

CH3OH 

32.042 

0.2595 

1.31 

1.405 

1.146 

1.227 

Neon 

Ne 

20.183 

0.4120 

0.814 

1.03 

0.618 

1.667 

N itric oxide 

NO 

30.006 

0.2771 

1.21 

0.993 

0.716 

1.387 

N itrogen 

n 2 

28.013 

0.2968 

1.13 

1.042 

0.745 

1.400 

N itrous oxide 

n 2 o 

44.013 

0.1889 

1.775 

0.879 

0.690 

1.274 

n-Octane 

C 8 H 18 

114.23 

0.07279 

0.092 

1.711 

1.638 

1.044 

Oxygen 

0 2 

31.999 

0.2598 

1.292 

0.922 

0.662 

1.393 

Propane 

c 3 H 8 

44.094 

0.1886 

1.808 

1.679 

1.490 

1.126 

R -12 

cci 2 f 2 

120.914 

0.06876 

4.98 

0.616 

0.547 

1.126 

R -22 

chcif 2 

86.469 

0.09616 

3.54 

0.658 

0.562 

1.171 

R -32 

cf 2 h 2 

52.024 

0.1598 

2.125 

0.822 

0.662 

1.242 

R -125 

chf 2 cf 3 

120.022 

0.06927 

4.918 

0.791 

0.722 

1.097 

R-134a 

cf 3 ch 2 f 

102.03 

0.08149 

4.20 

0.852 

0.771 

1.106 

Sulfur dioxide 

so 2 

64.059 

0.1298 

2.618 

0.624 

0.494 

1.263 

Sulfur trioxide 

so 3 

80.053 

0.10386 

3.272 

0.635 

0.531 

1.196 


*0r saturation pressure if it is less than 100 kPa. 
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TABLE A.6 

C onstant-Pressure Specific H eats of Various Ideal G ases 


C po 

— C o + C + C 

2 6» 2 + C 3 6» 3 

(kJ/kgK) 

0 = T(Kelvin)/lOOO 

Gas 

Formula 

Co 

Ci 

c 2 

c 3 

Steam 

h 2 o 

1.79 

0.107 

0.586 

- 0.20 

Acetylene 

c 2 h 2 

1.03 

2.91 

-1.92 

0.54 

Air 

- 

1.05 

-0.365 

0.85 

-0.39 

Ammonia 

nh 3 

1.60 

1.4 

1.0 

-0.7 

Argon 

Ar 

0.52 

0 

0 

0 

B utane 

C 4 H 10 

0.163 

5.70 

-1.906 

-0.049 

Carbon dioxide 

co 2 

0.45 

1.67 

-1.27 

0.39 

Carbon monoxide 

CO 

1.10 

-0.46 

1.0 

-0.454 

Ethane 

c 2 H 6 

0.18 

5.92 

-2.31 

0.29 

Ethanol 

c 2 h 5 oh 

0.2 

-4.65 

-1.82 

0.03 

Ethylene 

c 2 h 4 

0.136 

5.58 

-3.0 

0.63 

Helium 

He 

5.193 

0 

0 

0 

Hydrogen 

h 2 

13.46 

4.6 

-6.85 

3.79 

M ethane 

ch 4 

1.2 

3.25 

0.75 

-0.71 

M ethanol 

CH 3 OH 

0.66 

2.21 

0.81 

-0.89 

Neon 

Ne 

1.03 

0 

0 

0 

N itric oxide 

NO 

0.98 

-0.031 

0.325 

-0.14 

N itrogen 

n 2 

1.11 

-0.48 

0.96 

-0.42 

N itrous oxide 

n 2 o 

0.49 

1.65 

-1.31 

0.42 

n-Octane 

C 8 H is 

-0.053 

6.75 

-3.67 

0.775 

Oxygen 

o 2 

0.88 

- 0.0001 

0.54 

-0.33 

Propane 

c 3 h 8 

-0.096 

6.95 

-3.6 

0.73 

R-12* 

cci 2 f 2 

0.26 

1.47 

-1.25 

0.36 

R-22* 

chcif 2 

0.2 

1.87 

-1.35 

0.35 

R -32* 

cf 2 h 2 

0.227 

2.27 

-0.93 

0.041 

R -125* 

chf 2 cf 3 

0.305 

1.68 

-0.284 

0 

R-134a* 

cf 3 ch 2 f 

0.165 

2.81 

-2.23 

1.11 

Sulfur dioxide 

so 2 

0.37 

1.05 

-0.77 

0.21 

Sulfur trioxide 

so 3 

0.24 

1.7 

-1.5 

0.46 


^Approximate forms valid from 250 < to 1200 K. 
♦Formula limited to maximum 500 K . 
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TABLE A7.1 

Ideal-Gas Properties of Air, Standard Entropy at 0.1-M Pa (1-Bar) Pressure 


T 

(K) 

u 

(kj /kg) 

h 

(kj /kg) 

s° 

(kJ/kg-K) 

T 

(K) 

u 

(kj/kg) 

h 

(kj/kg) 

s° 

(kJ/kg-K) 

200 

142.77 

200.17 

6.46260 

1100 

845.45 

1161.18 

8.24449 

220 

157.07 

220.22 

6.55812 

1150 

889.21 

1219.30 

8.29616 

240 

171.38 

240.27 

6.64535 

1200 

933.37 

1277.81 

8.34596 

260 

185.70 

260.32 

6.72562 

1250 

977.89 

1336.68 

8.39402 

280 

200.02 

280.39 

6.79998 

1300 

1022.75 

1395.89 

8.44046 

290 

207.19 

290.43 

6.83521 

1350 

1067.94 

1455.43 

8.48539 

298.15 

213.04 

298.62 

6.86305 

1400 

1113.43 

1515.27 

8.52891 

300 

214.36 

300.47 

6.86926 

1450 

1159.20 

1575.40 

8.57111 

320 

228.73 

320.58 

6.93413 

1500 

1205.25 

1635.80 

8.61208 

340 

243.11 

340.70 

6.99515 

1550 

1251.55 

1696.45 

8.65185 

360 

257.53 

360.86 

7.05276 

1600 

1298.08 

1757.33 

8.69051 

380 

271.99 

381.06 

7.10735 

1650 

1344.83 

1818.44 

8.72811 

400 

286.49 

401.30 

7.15926 

1700 

1391.80 

1879.76 

8.76472 

420 

301.04 

421.59 

7.20875 

1750 

1438.97 

1941.28 

8.80039 

440 

315.64 

441.93 

7.25607 

1800 

1486.33 

2002.99 

8.83516 

460 

330.31 

462.34 

7.30142 

1850 

1533.87 

2064.88 

8.86908 

480 

345.04 

482.81 

7.34499 

1900 

1581.59 

2126.95 

8.90219 

500 

359.84 

503.36 

7.38692 

1950 

1629.47 

2189.19 

8.93452 

520 

374.73 

523.98 

7.42736 

2000 

1677.52 

2251.58 

8.96611 

540 

389.69 

544.69 

7.46642 

2050 

1725.71 

2314.13 

8.99699 

560 

404.74 

565.47 

7.50422 

2100 

1774.06 

2376.82 

9.02721 

580 

419.87 

586.35 

7.54084 

2150 

1822.54 

2439.66 

9.05678 

600 

435.10 

607.32 

7.57638 

2200 

1871.16 

2502.63 

9.08573 

620 

450.42 

628.38 

7.61090 

2250 

1919.91 

2565.73 

9.11409 

640 

465.83 

649.53 

7.64448 

2300 

1968.79 

2628.96 

9.14189 

660 

481.34 

670.78 

7.67717 

2350 

2017.79 

2692.31 

9.16913 

680 

496.94 

692.12 

7.70903 

2400 

2066.91 

2755.78 

9.19586 

700 

512.64 

713.56 

7.74010 

2450 

2116.14 

2819.37 

9.22208 

720 

528.44 

735.10 

7.77044 

2500 

2165.48 

2883.06 

9.24781 

740 

544.33 

756.73 

7.80008 

2550 

2214.93 

2946.86 

9.27308 

760 

560.32 

778.46 

7.82905 

2600 

2264.48 

3010.76 

9.29790 

780 

576.40 

800.28 

7.85740 

2650 

2314.13 

3074.77 

9.32228 

800 

592.58 

822.20 

7.88514 

2700 

2363.88 

3138.87 

9.34625 

850 

633.42 

877.40 

7.95207 

2750 

2413.73 

3203.06 

9.36980 

900 

674.82 

933.15 

8.01581 

2800 

2463.66 

3267.35 

9.39297 

950 

716.76 

989.44 

8.07667 

2850 

2513.69 

3331.73 

9.41576 

1000 

759.19 

1046.22 

8.13493 

2900 

2563.80 

3396.19 

9.43818 

1050 

802.10 

1103.48 

8.19081 

2950 

2613.99 

3460.73 

9.46025 

1100 

845.45 

1161.18 

8.24449 

3000 

2664.27 

3525.36 

9.48198 
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TABLE A7.2 

T he Isentropic R elat ive Pressure and R elat ive Volume F unctions 


T[K] 

Pr 

Vr 

T[K] 

Pr 

Vr 

T[ K] 

Pr 

Vr 

200 

0.2703 

493.47 

700 

23.160 

20.155 

1900 

1327.5 

0.95445 

220 

0.3770 

389.15 

720 

25.742 

18.652 

1950 

1485.8 

0.87521 

240 

0.5109 

313.27 

740 

28.542 

17.289 

2000 

1658.6 

0.80410 

260 

0.6757 

256.58 

760 

31.573 

16.052 

2050 

1847.1 

0.74012 

280 

0.8756 

213.26 

780 

34.851 

14.925 

2100 

2052.1 

0.68242 

290 

0.9899 

195.36 

800 

38.388 

13.897 

2150 

2274.8 

0.63027 

298.15 

1.0907 

182.29 

850 

48.468 

11.695 

2200 

2516.2 

0.58305 

300 

1.1146 

179.49 

900 

60.520 

9.9169 

2250 

2777.5 

0.54020 

320 

1.3972 

152.73 

950 

74.815 

8.4677 

2300 

3059.9 

0.50124 

340 

1.7281 

131.20 

1000 

91.651 

7.2760 

2350 

3364.6 

0.46576 

360 

2.1123 

113.65 

1050 

111.35 

6.2885 

2400 

3693.0 

0.43338 

380 

2.5548 

99.188 

1100 

134.25 

5.4641 

2450 

4046.2 

0.40378 

400 

3.0612 

87.137 

1150 

160.73 

4.7714 

2500 

4425.8 

0.37669 

420 

3.6373 

77.003 

1200 

191.17 

4.1859 

2550 

4833.0 

0.35185 

440 

4.2892 

68.409 

1250 

226.02 

3.6880 

2600 

5269.5 

0.32903 

460 

5.0233 

61.066 

1300 

265.72 

3.2626 

2650 

5736.7 

0.30805 

480 

5.8466 

54.748 

1350 

310.74 

2.8971 

2700 

6236.2 

0.28872 

500 

6.7663 

49.278 

1400 

361.62 

2.5817 

2750 

6769.7 

0.27089 

520 

7.7900 

44.514 

1450 

418.89 

2.3083 

2800 

7338.7 

0.25443 

540 

8.9257 

40.344 

1500 

483.16 

2.0703 

2850 

7945.1 

0.23921 

560 

10.182 

36.676 

1550 

554.96 

1.8625 

2900 

8590.7 

0.22511 

580 

11.568 

33.436 

1600 

634.97 

1.6804 

2950 

9277.2 

0.21205 

600 

13.092 

30.561 

1650 

723.86 

1.52007 

3000 

10007 

0.19992 

620 

14.766 

28.001 

1700 

822.33 

1.37858 




640 

16.598 

25.713 

1750 

931.14 

1.25330 




660 

18.600 

23.662 

1800 

1051.05 

1.14204 




680 

20.784 

21.818 

1850 

1182.9 

1.04294 




700 

23.160 

20.155 

1900 

1327.5 

0.95445 



The relative pressure and relative volume are temperature functions calculated with two 
scaling constants A i; A 2 . 

P r = exp[s?/fi - Ail; v r = A 2 T/P r 
such that for an isentropic process (si = s 2 ) 


P 2 

Pn 

A* „ 

/f 2 \ c ' /s 

and ^ = 

f-T 

Hi 

Pr 1 

e s V« 

uJ 

i — i 

i — i 



where the near equalities are for the constant heat capacity approximation. 
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TABLE A.8 

Ideal-Gas Properties of Various Substances, E ntropies at 0.1- MPa (1-Bar) Pressure, 
Mass Basis 

Nitrogen, Diatomic (N 2 ) Oxygen, Diatomic (0 2 ) 

R = 0.2968 kj / kg-K R = 0.2598 kj /kg-K 

M = 28.013 kg/kmol M = 31.999 kg/kmol 


T u h s? u h s° 

(K) (kj/kg) (kj/kg) (kJ/kg-K) (kj/kg) (kj/kg) (kJ/kg-K) 


200 

148.39 

207.75 

6.4250 

129.84 

181.81 

6.0466 

250 

185.50 

259.70 

6.6568 

162.41 

227.37 

6.2499 

300 

222.63 

311.67 

6.8463 

195.20 

273.15 

6.4168 

350 

259.80 

363.68 

7.0067 

228.37 

319.31 

6.5590 

400 

297.09 

415.81 

7.1459 

262.10 

366.03 

6.6838 

450 

334.57 

468.13 

7.2692 

296.52 

413.45 

6.7954 

500 

372.35 

520.75 

7.3800 

331.72 

461.63 

6.8969 

550 

410.52 

573.76 

7.4811 

367.70 

510.61 

6.9903 

600 

449.16 

627.24 

7.5741 

404.46 

560.36 

7.0768 

650 

488.34 

681.26 

7.6606 

441.97 

610.86 

7.1577 

700 

528.09 

735.86 

7.7415 

480.18 

662.06 

7.2336 

750 

568.45 

791.05 

7.8176 

519.02 

713.90 

7.3051 

800 

609.41 

846.85 

7.8897 

558.46 

766.33 

7.3728 

850 

650.98 

903.26 

7.9581 

598.44 

819.30 

7.4370 

900 

693.13 

960.25 

8.0232 

638.90 

872.75 

7.4981 

950 

735.85 

1017.81 

8.0855 

679.80 

926.65 

7.5564 

1000 

779.11 

1075.91 

8.1451 

721.11 

980.95 

7.6121 

1100 

867.14 

1193.62 

8.2572 

804.80 

1090.62 

7.7166 

1200 

957.00 

1313.16 

8.3612 

889.72 

1201.53 

7.8131 

1300 

1048.46 

1434.31 

8.4582 

975.72 

1313.51 

7.9027 

1400 

1141.35 

1556.87 

8.5490 

1062.67 

1426.44 

7.9864 

1500 

1235.50 

1680.70 

8.6345 

1150.48 

1540.23 

8.0649 

1600 

1330.72 

1805.60 

8.7151 

1239.10 

1654.83 

8.1389 

1700 

1426.89 

1931.45 

8.7914 

1328.49 

1770.21 

8.2088 

1800 

1523.90 

2058.15 

8.8638 

1418.63 

1886.33 

8.2752 

1900 

1621.66 

2185.58 

8.9327 

1509.50 

2003.19 

8.3384 

2000 

1720.07 

2313.68 

8.9984 

1601.10 

2120.77 

8.3987 

2100 

1819.08 

2442.36 

9.0612 

1693.41 

2239.07 

8.4564 

2200 

1918.62 

2571.58 

9.1213 

1786.44 

2358.08 

8.5117 

2300 

2018.63 

2701.28 

9.1789 

1880.17 

2477.79 

8.5650 

2400 

2119.08 

2831.41 

9.2343 

1974.60 

2598.20 

8.6162 

2500 

2219.93 

2961.93 

9.2876 

2069.71 

2719.30 

8.6656 

2600 

2321.13 

3092.81 

9.3389 

2165.50 

2841.07 

8.7134 

2700 

2422.66 

3224.03 

9.3884 

2261.94 

2963.49 

8.7596 

2800 

2524.50 

3355.54 

9.4363 

2359.01 

3086.55 

8.8044 

2900 

2626.62 

3487.34 

9.4825 

2546.70 

3210.22 

8.8478 

3000 

2729.00 

3619.41 

9.5273 

2554.97 

3334.48 

8.8899 
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table A. 8 (continued ) 

Ideal-Gas Properties of Various Substances, E ntropies at 0.1-M Pa (1-Bar) Pressure, 
Mass Basis 


T 

(K) 

Nitrogen, Diatomic (C0 2 ) 

R = 0.1889 kj /kg-K 

M = 44.010 kg/kmol 

R 

M 

Water (H 2 0) 

= 0.4615 kj / kg-K 
= 18.015 kg/kmol 

u 

(kj/kg) 

h 

(kj/kg) 

s° 

(kJ/kg-K) 

u 

(kj/kg) 

h 

(kj/kg) 

s° 

(kJ/kg-K) 

200 

97.49 

135.28 

4.5439 

276.38 

368.69 

9.7412 

250 

126.21 

173.44 

4.7139 

345.98 

461.36 

10.1547 

300 

157.70 

214.38 

4.8631 

415.87 

554.32 

10.4936 

350 

191.78 

257.90 

4.9972 

486.37 

647.90 

10.7821 

400 

228.19 

303.76 

5.1196 

557.79 

742.40 

11.0345 

450 

266.69 

351.70 

5.2325 

630.40 

838.09 

11.2600 

500 

307.06 

401.52 

5.3375 

704.36 

935.12 

11.4644 

550 

349.12 

453.03 

5.4356 

779.79 

1033.63 

11.6522 

600 

392.72 

506.07 

5.5279 

856.75 

1133.67 

11.8263 

650 

437.71 

560.51 

5.6151 

935.31 

1235.30 

11.9890 

700 

483.97 

616.22 

5.6976 

1015.49 

1338.56 

12.1421 

750 

531.40 

673.09 

5.7761 

1097.35 

1443.49 

12.2868 

800 

579.89 

731.02 

5.8508 

1180.90 

1550.13 

12.4244 

850 

629.35 

789.93 

5.9223 

1266.19 

1658.49 

12.5558 

900 

676.69 

849.72 

5.9906 

1353.23 

1768.60 

12.6817 

950 

730.85 

910.33 

6.0561 

1442.03 

1880.48 

12.8026 

1000 

782.75 

971.67 

6.1190 

1532.61 

1994.13 

12.9192 

1100 

888.55 

1096.36 

6.2379 

1719.05 

2226.73 

13.1408 

1200 

996.64 

1223.34 

6.3483 

1912.42 

2466.25 

13.3492 

1300 

1106.68 

1352.28 

6.4515 

2112.47 

2712.46 

13.5462 

1400 

1218.38 

1482.87 

6.5483 

2318.89 

2965.03 

13.7334 

1500 

1331.50 

1614.88 

6.6394 

2531.28 

3223.57 

13.9117 

1600 

1445.85 

1748.12 

6.7254 

2749.24 

3487.69 

14.0822 

1700 

1561.26 

1882.43 

6.8068 

2972.35 

3756.95 

14.2454 

1800 

1677.61 

2017.67 

6.8841 

3200.17 

4030.92 

14.4020 

1900 

1794.78 

2153.73 

6.9577 

3432.28 

4309.18 

14.5524 

2000 

1912.67 

2290.51 

7.0278 

3668.24 

4591.30 

14.6971 

2100 

2031.21 

2427.95 

7.0949 

3908.08 

4877.29 

14.8366 

2200 

2150.34 

2565.97 

7.1591 

4151.28 

5166.64 

14.9712 

2300 

2270.00 

2704.52 

7.2206 

4397.56 

5459.08 

15.1012 

2400 

2390.14 

2843.55 

7.2798 

4646.71 

5754.37 

15.2269 

2500 

2510.74 

2983.04 

7.3368 

4898.49 

6052.31 

15.3485 

2600 

2631.73 

3122.93 

7.3917 

5152.73 

6352.70 

15.4663 

2700 

2753.10 

3263.19 

7.4446 

5409.24 

6655.36 

15.5805 

2800 

2874.81 

3403.79 

7.4957 

5667.86 

6960.13 

15.6914 

2900 

2996.84 

3544.71 

7.5452 

5928.44 

7266.87 

15.7990 

3000 

3119.18 

3685.95 

7.5931 

6190.86 

7575.44 

15.9036 
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TABLE A.9 

Ideal-Gas Properties of Various Substances (SI Units), Entropies at 0.1-M Pa (1-Bar) 
Pressure, M ole B asis 


T 

K 

Nitrogen, Diatomic (N 2 ) 
h° f 298 = 0 kj /kmol 

M = 28.013 kg/kmol 

Nitrogen, Monatomic (N) 
h° 298 = 472 680 kj /kmol 

M = 14.007 kg/kmol 

(h-h° 29a ) 

kj /kmol 

s? 

kj /kmol K 

(6-/4) 

kj /kmol 

s? 

kj /kmol 

0 

-8670 

0 

-6197 

0 

100 

-5768 

159.812 

-4119 

130.593 

200 

-2857 

179.985 

-2040 

145.001 

298 

0 

191.609 

0 

153.300 

300 

54 

191.789 

38 

153.429 

400 

2971 

200.181 

2117 

159.409 

500 

5911 

206.740 

4196 

164.047 

600 

8894 

212.177 

6274 

167.837 

700 

11937 

216.865 

8353 

171.041 

800 

15046 

221.016 

10431 

173.816 

900 

18223 

224.757 

12510 

176.265 

1000 

21463 

228.171 

14589 

178.455 

1100 

24760 

231.314 

16667 

180.436 

1200 

28109 

234.227 

18746 

182.244 

1300 

31503 

236.943 

20825 

183.908 

1400 

34936 

239.487 

22903 

185.448 

1500 

38405 

241.881 

24982 

186.883 

1600 

41904 

244.139 

27060 

188.224 

1700 

45430 

246.276 

29139 

189.484 

1800 

48979 

248.304 

31218 

190.672 

1900 

52549 

250.234 

33296 

191.796 

2000 

56137 

252.075 

35375 

192.863 

2200 

63362 

255.518 

39534 

194.845 

2400 

70640 

258.684 

43695 

196.655 

2600 

77963 

261.615 

47860 

198.322 

2800 

85323 

264.342 

52033 

199.868 

3000 

92715 

266.892 

56218 

201.311 

3200 

100134 

269.286 

60420 

202.667 

3400 

107577 

271.542 

64646 

203.948 

3600 

115042 

273.675 

68902 

205.164 

3800 

122526 

275.698 

73194 

206.325 

4000 

130027 

277.622 

77532 

207.437 

4400 

145078 

281.209 

86367 

209.542 

4800 

160188 

284.495 

95457 

211.519 

5200 

175352 

287.530 

104843 

213.397 

5600 

190572 

290.349 

114550 

215.195 

6000 

205848 

292.984 

124590 

216.926 
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table A. 9 (continued ) 

Ideal-Gas Properties of Various Substances (SI Units), Entropies at 0.1-M Pa (1-Bar) 
Pressure, M ole B asis 


T 

K 

Oxygen, Diatomic (0 2 ) 
h° f 298 = 0 kj /kmol 

M = 31.999 kg/kmol 

Oxygen, Monatomic (O) 

/i° 298 = 249 170 kj /kmol 

M = 16.00 kg/kmol 

(h - h° 98 ) 

kj /kmol 

s? 

kj /kmol K 

(h - h° 98 ) 

kj /kmol 

s? 

kj /kmol K 

0 

-8683 

0 

-6725 

0 

100 

-Sill 

173.308 

-4518 

135.947 

200 

-2868 

193.483 

-2186 

152.153 

298 

0 

205.148 

0 

161.059 

300 

54 

205.329 

41 

161.194 

400 

3027 

213.873 

2207 

167.431 

500 

6086 

220.693 

4343 

172.198 

600 

9245 

226.450 

6462 

176.060 

700 

12499 

231.465 

8570 

179.310 

800 

15836 

235.920 

10671 

182.116 

900 

19241 

239.931 

12161 

184.585 

1000 

22703 

243.579 

14860 

186.790 

1100 

26212 

246.923 

16950 

188.783 

1200 

29761 

250.011 

19039 

190.600 

1300 

33345 

252.878 

21126 

192.270 

1400 

36958 

255.556 

23212 

193.816 

1500 

40600 

258.068 

25296 

195.254 

1600 

44267 

260.434 

27381 

196.599 

1700 

47959 

262.673 

29464 

197.862 

1800 

51674 

264.797 

31547 

199.053 

1900 

55414 

266.819 

33630 

200.179 

2000 

59176 

268.748 

35713 

201.247 

2200 

66770 

272.366 

39878 

203.232 

2400 

74453 

275.708 

44045 

205.045 

2600 

82225 

278.818 

48216 

206.714 

2800 

90080 

281.729 

52391 

208.262 

3000 

98013 

284.466 

56574 

209.705 

3200 

106022 

287.050 

60767 

211.058 

3400 

114101 

289.499 

64971 

212.332 

3600 

122245 

291.826 

69190 

213.538 

3800 

130447 

294.043 

73424 

214.682 

4000 

138705 

296.161 

77675 

215.773 

4400 

155374 

300.133 

86234 

217.812 

4800 

172240 

303.801 

94873 

219.691 

5200 

189312 

307.217 

103592 

221.435 

5600 

206618 

310.423 

112391 

223.066 

6000 

224210 

313.457 

121264 

224.597 
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table A.9 (continued ) 

Ideal-Gas Properties of Various Substances (SI Units), Entropies at 0.1-M Pa (1-Bar) 
Pressure, M ole B asis 


T 

K 


h° 


Carbon Dioxide(C0 2 ) 
f 298 = -393 522 kj /kmol 
M = 44.01 kg/kmol 


(h-O 

kj /kmol 


kj /kmol K 


Carbon Monoxide (CO) 
/j 0 f 2 98 = ”H0527kJ/kmo | 
M = 28.01 kg/kmol 


(h”0 

kj /kmol 


kj /kmol K 


0 

-9364 

0 

-8671 

0 

100 

-6457 

179.010 

-5772 

165.852 

200 

-3413 

199.976 

-2860 

186.024 

298 

0 

213.794 

0 

197.651 

300 

69 

214.024 

54 

197.831 

400 

4003 

225.314 

2977 

206.240 

500 

8305 

234.902 

5932 

212.833 

600 

12906 

243.284 

8942 

218.321 

700 

17754 

250.752 

12021 

223.067 

800 

22806 

257.496 

15174 

227.277 

900 

28030 

263.646 

18397 

231.074 

1000 

33397 

269.299 

21686 

234.538 

1100 

38885 

274.528 

25031 

237.726 

1200 

44473 

279.390 

28427 

240.679 

1300 

50148 

283.931 

31867 

243.431 

1400 

55895 

288.190 

35343 

246.006 

1500 

61705 

292.199 

38852 

248.426 

1600 

67569 

295.984 

42388 

250.707 

1700 

73480 

299.567 

45948 

252.866 

1800 

79432 

302.969 

49529 

254.913 

1900 

85420 

306.207 

53128 

256.860 

2000 

91439 

309.294 

56743 

258.716 

2200 

103562 

315.070 

64012 

262.182 

2400 

115779 

320.384 

71326 

265.361 

2600 

128074 

325.307 

78679 

268.302 

2800 

140435 

329.887 

86070 

271.044 

3000 

152853 

334.170 

93504 

273.607 

3200 

165321 

338.194 

100962 

276.012 

3400 

177836 

341.988 

108440 

278.279 

3600 

190394 

345.576 

115938 

280.422 

3800 

202990 

348.981 

123454 

282.454 

4000 

215624 

352.221 

130989 

284.387 

4400 

240992 

358.266 

146108 

287.989 

4800 

266488 

363.812 

161285 

291.290 

5200 

292112 

368.939 

176510 

294.337 

5600 

317870 

373.711 

191782 

297.167 

6000 

343782 

378.180 

207105 

299.809 
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table A. 9 (continued ) 

Ideal-Gas Properties of Various Substances (SI Units), Entropies at 0.1-M Pa (1-Bar) 
Pressure, M ole B asis 


T 

K 

h° 

n f .298 

M 

Water (H 2 0) 

= -241 826 kj /kmol 
= 18.015 kg/kmol 

Hydroxyl (OH) 
h° f 298 = 38 987 kj /kmol 

M = 17.007 kg/kmol 

(h - h° 298 

kj /kmoi 

S°T 

kj /kmol K 

(f> ~ A 298> 

kj /kmol 

s? 

kj /kmol K 

0 

-9904 

0 

-9172 

0 

100 

-6617 

152.386 

-6140 

149.591 

200 

-3282 

175.488 

-2975 

171.592 

298 

0 

188.835 

0 

183.709 

300 

62 

189.043 

55 

183.894 

400 

3450 

198.787 

3034 

192.466 

500 

6922 

206.532 

5991 

199.066 

600 

10499 

213.051 

8943 

204.448 

700 

14190 

218.739 

11902 

209.008 

800 

18002 

223.826 

14881 

212.984 

900 

21937 

228.460 

17889 

216.526 

1000 

26000 

232.739 

20935 

219.735 

1100 

30190 

236.732 

24024 

222.680 

1200 

34506 

240.485 

27159 

225.408 

1300 

38941 

244.035 

30340 

227.955 

1400 

43491 

247.406 

33567 

230.347 

1500 

48149 

250.620 

36838 

232.604 

1600 

52907 

253.690 

40151 

234.741 

1700 

57757 

256.631 

43502 

236.772 

1800 

62693 

259.452 

46890 

238.707 

1900 

67706 

262.162 

50311 

240.556 

2000 

72788 

264.769 

53763 

242.328 

2200 

83153 

269.706 

60751 

245.659 

2400 

93741 

274.312 

67840 

248.743 

2600 

104520 

278.625 

75018 

251.614 

2800 

115463 

282.680 

82268 

254.301 

3000 

126548 

286.504 

89585 

256.825 

3200 

137756 

290.120 

96960 

259.205 

3400 

149073 

293.550 

104388 

261.456 

3600 

160484 

296.812 

111864 

263.592 

3800 

171981 

299.919 

119382 

265.625 

4000 

183552 

302.887 

126940 

267.563 

4400 

206892 

308.448 

142165 

271.191 

4800 

230456 

313.573 

157522 

274.531 

5200 

254216 

318.328 

173002 

277.629 

5600 

278161 

322.764 

188598 

280.518 

6000 

302295 

326.926 

204309 

283.227 
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table A.9 (continued ) 

Ideal-Gas Properties of Various Substances (SI Units), Entropies at 0.1-M Pa (1-Bar) 

Pressure, M ole B asis 

Hydrogen (H 2 ) Hydrogen, Monatomic (H) 

h° f 29 8 = 0 kj /kmol h°, 298 = 217 999 kj /kmol 

M = 2.016 kg/kmol M = 1.008 kg/kmol 

T (h - h° 29S ) s? (h-h° 29S ) s° T 


K kj /kmol kj /kmol K kj /kmol kj /kmol K 


0 

-8467 

0 

-6197 

0 

100 

-5467 

100.727 

-4119 

92.009 

200 

-2774 

119.410 

-2040 

106.417 

298 

0 

130.678 

0 

114.716 

300 

53 

130.856 

38 

114.845 

400 

2961 

139.219 

2117 

120.825 

500 

5883 

145.738 

4196 

125.463 

600 

8799 

151.078 

6274 

129.253 

700 

11730 

155.609 

8353 

132.457 

800 

14681 

159.554 

10431 

135.233 

900 

17657 

163.060 

12510 

137.681 

1000 

20663 

166.225 

14589 

139.871 

1100 

23704 

169.121 

16667 

141.852 

1200 

26785 

171.798 

18746 

143.661 

1300 

29907 

174.294 

20825 

145.324 

1400 

33073 

176.637 

22903 

146.865 

1500 

36281 

178.849 

24982 

148.299 

1600 

39533 

180.946 

27060 

149.640 

1700 

42826 

182.941 

29139 

150.900 

1800 

46160 

184.846 

31218 

152.089 

1900 

49532 

186.670 

33296 

153.212 

2000 

52942 

188.419 

35375 

154.279 

2200 

59865 

191.719 

39532 

156.260 

2400 

66915 

194.789 

43689 

158.069 

2600 

74082 

197.659 

47847 

159.732 

2800 

81355 

200.355 

52004 

161.273 

3000 

88725 

202.898 

56161 

162.707 

3200 

96187 

205.306 

60318 

164.048 

3400 

103736 

207.593 

64475 

165.308 

3600 

111367 

209.773 

68633 

166.497 

3800 

119077 

211.856 

72790 

167.620 

4000 

126864 

213.851 

76947 

168.687 

4400 

142658 

217.612 

85261 

170.668 

4800 

158730 

221.109 

93576 

172.476 

5200 

175057 

224.379 

101890 

174.140 

5600 

191607 

227.447 

110205 

175.681 

6000 

208332 

230.322 

118519 

177.114 
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table A. 9 (continued ) 

Ideal-Gas Properties of Various Substances (SI Units), Entropies at 0.1-M Pa (1-Bar) 
Pressure, M ole B asis 


T 

K 

Nitric Oxide (NO) 
h° f 298 = 90291kj/kmol 

M = 30.006 kg/kmol 

Nitrogen Dioxide (NO 2 ) 
h° f 298 = 33 100 kj /kmol 

M = 46.005 kg/kmol 

(h - h° m ) 

kj /kmo! 

s? 

kj /kmol K 

(h - h° 29B ) 

kj /kmol 

s? 

kj /kmol K 

0 

-9192 

0 

-10186 

0 

100 

-6073 

177.031 

-6861 

202.563 

200 

-2951 

198.747 

-3495 

225.852 

298 

0 

210.759 

0 

240.034 

300 

55 

210.943 

68 

240.263 

400 

3040 

219.529 

3927 

251.342 

500 

6059 

226.263 

8099 

260.638 

600 

9144 

231.886 

12555 

268.755 

700 

12308 

236.762 

17250 

275.988 

800 

15548 

241.088 

22138 

282.513 

900 

18858 

244.985 

27180 

288.450 

1000 

22229 

248.536 

32344 

293.889 

1100 

25653 

251.799 

37606 

298.904 

1200 

29120 

254.816 

42946 

303.551 

1300 

32626 

257.621 

48351 

307.876 

1400 

36164 

260.243 

53808 

311.920 

1500 

39729 

262.703 

59309 

315.715 

1600 

43319 

265.019 

64846 

319.289 

1700 

46929 

267.208 

70414 

322.664 

1800 

50557 

269.282 

76008 

325.861 

1900 

54201 

271.252 

81624 

328.898 

2000 

57859 

273.128 

87259 

331.788 

2200 

65212 

276.632 

98578 

337.182 

2400 

72606 

279.849 

109948 

342.128 

2600 

80034 

282.822 

121358 

346.695 

2800 

87491 

285.585 

132800 

350.934 

3000 

94973 

288.165 

144267 

354.890 

3200 

102477 

290.587 

155756 

358.597 

3400 

110000 

292.867 

167262 

362.085 

3600 

117541 

295.022 

178783 

365.378 

3800 

125099 

297.065 

190316 

368.495 

4000 

132671 

299.007 

201860 

371.456 

4400 

147857 

302.626 

224973 

376.963 

4800 

163094 

305.940 

248114 

381.997 

5200 

178377 

308.998 

271276 

386.632 

5600 

193703 

311.838 

294455 

390.926 

6000 

209070 

314.488 

317648 

394.926 
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TABLE A. 10 

E nthalpy of Formation and Absolute E ntopyof Various Substances at25°C, 100 kPa 
Pressure 


Substance 

Formula 

M 

kg/kmol 

State 

h ° 

"f 

kj /kmol 

Sf 

kj /kmol K 

Acetylene 

c 2 h 2 

26.038 

gas 

+226 731 

200.958 

Ammonia 

nh 3 

17.031 

gas 

-45 720 

192.572 

Benzene 

c 6 h 6 

78.114 

gas 

+82 980 

269.562 

Carbon dioxide 

co 2 

44.010 

gas 

-393 522 

213.795 

Carbon (graphite) 

c 

12.011 

solid 

0 

5.740 

Carbon monoxide 

CO 

28.011 

gas 

-110 527 

197.653 

Ethane 

c 2 H 6 

30.070 

gas 

-84 740 

229.597 

Ethene 

c 2 h 4 

28.054 

gas 

+52 467 

219.330 

Ethanol 

c 2 h 5 oh 

46.069 

gas 

-235 000 

282.444 

Ethanol 

c 2 h 5 oh 

46.069 

liq 

-277 380 

160.554 

H eptane 

C7H 16 

100.205 

gas 

-187 900 

427.805 

Hexane 

CeH 14 

86.178 

gas 

-167 300 

387.979 

Hydrogen peroxide 

h 2 0 2 

34.015 

gas 

-136106 

232.991 

M ethane 

ch 4 

16.043 

gas 

-74 873 

186.251 

M ethanol 

ch 3 oh 

32.042 

gas 

-201 300 

239.709 

M ethanol 

CH30H 

32.042 

liq 

-239 220 

126.809 

n-Butane 

C 4 H 10 

58.124 

gas 

-126 200 

306.647 

N itrogen oxide 

n 2 o 

44.013 

gas 

+82 050 

219.957 

N itromethane 

CH3N02 

61.04 

liq 

-113 100 

171.80 

n-Octane 

CsH is 

114.232 

gas 

-208 600 

466.514 

n-Octane 

CsH is 

114.232 

liq 

-250 105 

360.575 

Ozone 

0 3 

47.998 

gas 

+142 674 

238.932 

Pentane 

C5H i 2 

72.151 

gas 

-146 500 

348.945 

Propane 

C 3 H 8 

44.094 

gas 

-103 900 

269.917 

Propene 

C 3 H 6 

42.081 

gas 

+20 430 

267.066 

Sulfur 

s 

32.06 

solid 

0 

32.056 

Sulfur dioxide 

so 2 

64.059 

gas 

-296 842 

248.212 

Sulfur trioxide 

so 3 

80.058 

gas 

-395 765 

256.769 

T-T-Diesel 

Cl 4 . 4 H 24 .9 

198.06 

liq 

-174 000 

525.90 

Water 

h 2 o 

18.015 

gas 

-241 826 

188.834 

Water 

h 2 o 

18.015 

liq 

-285 830 

69.950 


TABLE A.11 

L ogarithms to theBaseeaftheEcfJUtrium Constant K 
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Source: C onsi stent with thermodynamic data \r\JANAF Thermocherrica! Tables, third edition. Thermal Group, Dow Chemical U.S.A., Midland, Ml, 1985. 
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TABLE B.1 

Thermodynamic Properties of Water 


TABLE B . 1 .1 

Saturated Water 




Specific Volume, m 3 /kg 

1 nternal E nergy, kj /kg 

Temp. 

(°C) 

Press. 

(kPa) 

Sat. L iquid 

Vf 

Evap. 

Vfg 

Sat. Vapor 

Vg 

Sat. Liquid 

Uf 

Evap. 

Ufg 

Sat. Vapor 

Ug 

0.01 

0.6113 

0.001000 

206.131 

206.132 

0 

2375.33 

2375.33 

5 

0.8721 

0.001000 

147.117 

147.118 

20.97 

2361.27 

2382.24 

10 

1.2276 

0.001000 

106.376 

106.377 

41.99 

2347.16 

2389.15 

15 

1.705 

0.001001 

77.924 

77.925 

62.98 

2333.06 

2396.04 

20 

2.339 

0.001002 

57.7887 

57.7897 

83.94 

2318.98 

2402.91 

25 

3.169 

0.001003 

43.3583 

43.3593 

104.86 

2304.90 

2409.76 

30 

4.246 

0.001004 

32.8922 

32.8932 

125.77 

2290.81 

2416.58 

35 

5.628 

0.001006 

25.2148 

25.2158 

146.65 

2276.71 

2423.36 

40 

7.384 

0.001008 

19.5219 

19.5229 

167.53 

2262.57 

2430.11 

45 

9.593 

0.001010 

15.2571 

15.2581 

188.41 

2248.40 

2436.81 

50 

12.350 

0.001012 

12.0308 

12.0318 

209.30 

2234.17 

2443.47 

55 

15.758 

0.001015 

9.56734 

9.56835 

230.19 

2219.89 

2450.08 

60 

19.941 

0.001017 

7.66969 

7.67071 

251.09 

2205.54 

2456.63 

65 

25.03 

0.001020 

6.19554 

6.19656 

272.00 

2191.12 

2463.12 

70 

31.19 

0.001023 

5.04114 

5.04217 

292.93 

2176.62 

2469.55 

75 

38.58 

0.001026 

4.13021 

4.13123 

313.87 

2162.03 

2475.91 

80 

47.39 

0.001029 

3.40612 

3.40715 

334.84 

2147.36 

2482.19 

85 

57.83 

0.001032 

2.82654 

2.82757 

355.82 

2132.58 

2488.40 

90 

70.14 

0.001036 

2.35953 

2.36056 

376.82 

2117.70 

2494.52 

95 

84.55 

0.001040 

1.98082 

1.98186 

397.86 

2102.70 

2500.56 

100 

101.3 

0.001044 

1.67185 

1.67290 

418.91 

2087.58 

2506.50 

105 

120.8 

0.001047 

1.41831 

1.41936 

440.00 

2072.34 

2512.34 

110 

143.3 

0.001052 

1.20909 

1.21014 

461.12 

2056.96 

2518.09 

115 

169.1 

0.001056 

1.03552 

1.03658 

482.28 

2041.44 

2523.72 

120 

198.5 

0.001060 

0.89080 

0.89186 

503.48 

2025.76 

2529.24 

125 

232.1 

0.001065 

0.76953 

0.77059 

524.72 

2009.91 

2534.63 

130 

270.1 

0.001070 

0.66744 

0.66850 

546.00 

1993.90 

2539.90 

135 

313.0 

0.001075 

0.58110 

0.58217 

567.34 

1977.69 

2545.03 

140 

361.3 

0.001080 

0.50777 

0.50885 

588.72 

1961.30 

2550.02 

145 

415.4 

0.001085 

0.44524 

0.44632 

610.16 

1944.69 

2554.86 

150 

475.9 

0.001090 

0.39169 

0.39278 

631.66 

1927.87 

2559.54 

155 

543.1 

0.001096 

0.34566 

0.34676 

653.23 

1910.82 

2564.04 

160 

617.8 

0.001102 

0.30596 

0.30706 

674.85 

1893.52 

2568.37 

165 

700.5 

0.001108 

0.27158 

0.27269 

696.55 

1875.97 

2572.51 

170 

791.7 

0.001114 

0.24171 

0.24283 

718.31 

1858.14 

2576.46 

175 

892.0 

0.001121 

0.21568 

0.21680 

740.16 

1840.03 

2580.19 

180 

1002.2 

0.001127 

0.19292 

0.19405 

762.08 

1821.62 

2583.70 

185 

1122.7 

0.001134 

0.17295 

0.17409 

784.08 

1802.90 

2586.98 

190 

1254.4 

0.001141 

0.15539 

0.15654 

806.17 

1783.84 

2590.01 
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table B. 1.1 ( continued ) 

Saturated Water 


Temp. 

(°C) 

Press. 

(kPa) 


E nthalpy, kj /kg 

E ntropy, kj / kg-K 

Sat. Liquid 

h f 

Evap. 

hfg 

Sat. Vapor 
hg 

Sat. Liquid 

S f 

Evap. 

Sfg 

Sat. Vapor 

s g 

0.01 

0.6113 

0.00 

2501.35 

2501.35 

0 

9.1562 

9.1562 

5 

0.8721 

20.98 

2489.57 

2510.54 

0.0761 

8.9496 

9.0257 

10 

1.2276 

41.99 

2477.75 

2519.74 

0.1510 

8.7498 

8.9007 

15 

1.705 

62.98 

2465.93 

2528.91 

0.2245 

8.5569 

8.7813 

20 

2.339 

83.94 

2454.12 

2538.06 

0.2966 

8.3706 

8.6671 

25 

3.169 

104.87 

2442.30 

2547.17 

0.3673 

8.1905 

8.5579 

30 

4.246 

125.77 

2430.48 

2556.25 

0.4369 

8.0164 

8.4533 

35 

5.628 

146.66 

2418.62 

2565.28 

0.5052 

7.8478 

8.3530 

40 

7.384 

167.54 

2406.72 

2574.26 

0.5724 

7.6845 

8.2569 

45 

9.593 

188.42 

2394.77 

2583.19 

0.6386 

7.5261 

8.1647 

50 

12.350 

209.31 

2382.75 

2592.06 

0.7037 

7.3725 

8.0762 

55 

15.758 

230.20 

2370.66 

2600.86 

0.7679 

7.2234 

7.9912 

60 

19.941 

251.11 

2358.48 

2609.59 

0.8311 

7.0784 

7.9095 

65 

25.03 

272.03 

2346.21 

2618.24 

0.8934 

6.9375 

7.8309 

70 

31.19 

292.96 

2333.85 

2626.80 

0.9548 

6.8004 

7.7552 

75 

38.58 

313.91 

2321.37 

2635.28 

1.0154 

6.6670 

7.6824 

80 

47.39 

334.88 

2308.77 

2643.66 

1.0752 

6.5369 

7.6121 

85 

57.83 

355.88 

2296.05 

2651.93 

1.1342 

6.4102 

7.5444 

90 

70.14 

376.90 

2283.19 

2660.09 

1.1924 

6.2866 

7.4790 

95 

84.55 

397.94 

2270.19 

2668.13 

1.2500 

6.1659 

7.4158 

100 

101.3 

419.02 

2257.03 

2676.05 

1.3068 

6.0480 

7.3548 

105 

120.8 

440.13 

2243.70 

2683.83 

1.3629 

5.9328 

7.2958 

110 

143.3 

461.27 

2230.20 

2691.47 

1.4184 

5.8202 

7.2386 

115 

169.1 

482.46 

2216.50 

2698.96 

1.4733 

5.7100 

7.1832 

120 

198.5 

503.69 

2202.61 

2706.30 

1.5275 

5.6020 

7.1295 

125 

232.1 

524.96 

2188.50 

2713.46 

1.5812 

5.4962 

7.0774 

130 

270.1 

546.29 

2174.16 

2720.46 

1.6343 

5.3925 

7.0269 

135 

313.0 

567.67 

2159.59 

2727.26 

1.6869 

5.2907 

6.9777 

140 

361.3 

589.11 

2144.75 

2733.87 

1.7390 

5.1908 

6.9298 

145 

415.4 

610.61 

2129.65 

2740.26 

1.7906 

5.0926 

6.8832 

150 

475.9 

632.18 

2114.26 

2746.44 

1.8417 

4.9960 

6.8378 

155 

543.1 

653.82 

2098.56 

2752.39 

1.8924 

4.9010 

6.7934 

160 

617.8 

675.53 

2082.55 

2758.09 

1.9426 

4.8075 

6.7501 

165 

700.5 

697.32 

2066.20 

2763.53 

1.9924 

4.7153 

6.7078 

170 

791.7 

719.20 

2049.50 

2768.70 

2.0418 

4.6244 

6.6663 

175 

892.0 

741.16 

2032.42 

2773.58 

2.0909 

4.5347 

6.6256 

180 

1002.2 

763.21 

2014.96 

2778.16 

2.1395 

4.4461 

6.5857 

185 

1122.7 

785.36 

1997.07 

2782.43 

2.1878 

4.3586 

6.5464 

190 

1254.4 

807.61 

1978.76 

2786.37 

2.2358 

4.2720 

6.5078 
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table B.i.i ( continued ) 

Saturated Water 


Temp. 

(C) 

Press. 

(kPa) 

Specific Volume, m 3 /kg 

1 nternal E nergy, kj /kg 

Sat. Liquid 

Vf 

Evap. 

Vfg 

Sat. Vapor 

Mg 

Sat. Liquid 

Uf 

Evap. 

Ufg 

Sat. Vapor 

Ug 

195 

1397.8 

0.001149 

0.13990 

0.14105 

828.36 

1764.43 

2592.79 

200 

1553.8 

0.001156 

0.12620 

0.12736 

850.64 

1744.66 

2595.29 

205 

1723.0 

0.001164 

0.11405 

0.11521 

873.02 

1724.49 

2597.52 

210 

1906.3 

0.001173 

0.10324 

0.10441 

895.51 

1703.93 

2599.44 

215 

2104.2 

0.001181 

0.09361 

0.09479 

918.12 

1682.94 

2601.06 

220 

2317.8 

0.001190 

0.08500 

0.08619 

940.85 

1661.49 

2602.35 

225 

2547.7 

0.001199 

0.07729 

0.07849 

963.72 

1639.58 

2603.30 

230 

2794.9 

0.001209 

0.07037 

0.07158 

986.72 

1617.17 

2603.89 

235 

3060.1 

0.001219 

0.06415 

0.06536 

1009.88 

1594.24 

2604.11 

240 

3344.2 

0.001229 

0.05853 

0.05976 

1033.19 

1570.75 

2603.95 

245 

3648.2 

0.001240 

0.05346 

0.05470 

1056.69 

1546.68 

2603.37 

250 

3973.0 

0.001251 

0.04887 

0.05013 

1080.37 

1522.00 

2602.37 

255 

4319.5 

0.001263 

0.04471 

0.04598 

1104.26 

1496.66 

2600.93 

260 

4688.6 

0.001276 

0.04093 

0.04220 

1128.37 

1470.64 

2599.01 

265 

5081.3 

0.001289 

0.03748 

0.03877 

1152.72 

1443.87 

2596.60 

270 

5498.7 

0.001302 

0.03434 

0.03564 

1177.33 

1416.33 

2593.66 

275 

5941.8 

0.001317 

0.03147 

0.03279 

1202.23 

1387.94 

2590.17 

280 

6411.7 

0.001332 

0.02884 

0.03017 

1227.43 

1358.66 

2586.09 

285 

6909.4 

0.001348 

0.02642 

0.02777 

1252.98 

1328.41 

2581.38 

290 

7436.0 

0.001366 

0.02420 

0.02557 

1278.89 

1297.11 

2575.99 

295 

7992.8 

0.001384 

0.02216 

0.02354 

1305.21 

1264.67 

2569.87 

300 

8581.0 

0.001404 

0.02027 

0.02167 

1331.97 

1230.99 

2562.96 

305 

9201.8 

0.001425 

0.01852 

0.01995 

1359.22 

1195.94 

2555.16 

310 

9856.6 

0.001447 

0.01690 

0.01835 

1387.03 

1159.37 

2546.40 

315 

10547 

0.001472 

0.01539 

0.01687 

1415.44 

1121.11 

2536.55 

320 

11274 

0.001499 

0.01399 

0.01549 

1444.55 

1080.93 

2525.48 

325 

12040 

0.001528 

0.01267 

0.01420 

1474.44 

1038.57 

2513.01 

330 

12845 

0.001561 

0.01144 

0.01300 

1505.24 

993.66 

2498.91 

335 

13694 

0.001597 

0.01027 

0.01186 

1537.11 

945.77 

2482.88 

340 

14586 

0.001638 

0.00916 

0.01080 

1570.26 

894.26 

2464.53 

345 

15525 

0.001685 

0.00810 

0.00978 

1605.01 

838.29 

2443.30 

350 

16514 

0.001740 

0.00707 

0.00881 

1641.81 

776.58 

2418.39 

355 

17554 

0.001807 

0.00607 

0.00787 

1681.41 

707.11 

2388.52 

360 

18651 

0.001892 

0.00505 

0.00694 

1725.19 

626.29 

2351.47 

365 

19807 

0.002011 

0.00398 

0.00599 

1776.13 

526.54 

2302.67 

370 

21028 

0.002213 

0.00271 

0.00493 

1843.84 

384.69 

2228.53 

374.1 

22089 

0.003155 

0 

0.00315 

2029.58 

0 

2029.58 
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table B. 1.1 ( continued ) 

Saturated Water 


Temp. 

(C) 

Press. 

(kPa) 


E nthalpy, kj /kg 

E ntropy, kj /kg-K 

Sat. Liquid 

h f 

Evap. 

h fg 

Sat. Vapor 
hg 

Sat. Liquid 

Sf 

Evap. 

Sfg 

Sat. Vapor 

s g 

195 

1397.8 

829.96 

1959.99 

2789.96 

2.2835 

4.1863 

6.4697 

200 

1553.8 

852.43 

1940.75 

2793.18 

2.3308 

4.1014 

6.4322 

205 

1723.0 

875.03 

1921.00 

2796.03 

2.3779 

4.0172 

6.3951 

210 

1906.3 

897.75 

1900.73 

2798.48 

2.4247 

3.9337 

6.3584 

215 

2104.2 

920.61 

1879.91 

2800.51 

2.4713 

3.8507 

6.3221 

220 

2317.8 

943.61 

1858.51 

2802.12 

2.5177 

3.7683 

6.2860 

225 

2547.7 

966.77 

1836.50 

2803.27 

2.5639 

3.6863 

6.2502 

230 

2794.9 

990.10 

1813.85 

2803.95 

2.6099 

3.6047 

6.2146 

235 

3060.1 

1013.61 

1790.53 

2804.13 

2.6557 

3.5233 

6.1791 

240 

3344.2 

1037.31 

1766.50 

2803.81 

2.7015 

3.4422 

6.1436 

245 

3648.2 

1061.21 

1741.73 

2802.95 

2.7471 

3.3612 

6.1083 

250 

3973.0 

1085.34 

1716.18 

2801.52 

2.7927 

3.2802 

6.0729 

255 

4319.5 

1109.72 

1689.80 

2799.51 

2.8382 

3.1992 

6.0374 

260 

4688.6 

1134.35 

1662.54 

2796.89 

2.8837 

3.1181 

6.0018 

265 

5081.3 

1159.27 

1634.34 

2793.61 

2.9293 

3.0368 

5.9661 

270 

5498.7 

1184.49 

1605.16 

2789.65 

2.9750 

2.9551 

5.9301 

275 

5941.8 

1210.05 

1574.92 

2784.97 

3.0208 

2.8730 

5.8937 

280 

6411.7 

1235.97 

1543.55 

2779.53 

3.0667 

2.7903 

5.8570 

285 

6909.4 

1262.29 

1510.97 

2773.27 

3.1129 

2.7069 

5.8198 

290 

7436.0 

1289.04 

1477.08 

2766.13 

3.1593 

2.6227 

5.7821 

295 

7992.8 

1316.27 

1441.78 

2758.05 

3.2061 

2.5375 

5.7436 

300 

8581.0 

1344.01 

1404.93 

2748.94 

3.2533 

2.4511 

5.7044 

305 

9201.8 

1372.33 

1366.38 

2738.72 

3.3009 

2.3633 

5.6642 

310 

9856.6 

1401.29 

1325.97 

2727.27 

3.3492 

2.2737 

5.6229 

315 

10547 

1430.97 

1283.48 

2714.44 

3.3981 

2.1821 

5.5803 

320 

11274 

1461.45 

1238.64 

2700.08 

3.4479 

2.0882 

5.5361 

325 

12040 

1492.84 

1191.13 

2683.97 

3.4987 

1.9913 

5.4900 

330 

12845 

1525.29 

1140.56 

2665.85 

3.5506 

1.8909 

5.4416 

335 

13694 

1558.98 

1086.37 

2645.35 

3.6040 

1.7863 

5.3903 

340 

14586 

1594.15 

1027.86 

2622.01 

3.6593 

1.6763 

5.3356 

345 

15525 

1631.17 

964.02 

2595.19 

3.7169 

1.5594 

5.2763 

350 

16514 

1670.54 

893.38 

2563.92 

3.7776 

1.4336 

5.2111 

355 

17554 

1713.13 

813.59 

2526.72 

3.8427 

1.2951 

5.1378 

360 

18651 

1760.48 

720.52 

2481.00 

3.9146 

1.1379 

5.0525 

365 

19807 

1815.96 

605.44 

2421.40 

3.9983 

0.9487 

4.9470 

370 

21028 

1890.37 

441.75 

2332.12 

4.1104 

0.6868 

4.7972 

374.1 

22089 

2099.26 

0 

2099.26 

4.4297 

0 

4.4297 
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TABLE B . 1.2 

Saturated Water Pressure E ntry 




Specific Volume, m 3 /kg 

1 nternal E nergy, kj /kg 

Press. 

(kPa) 

Temp. 

(°C) 

Sat. Liquid 

Vf 

Evap. 

Ufg 

Sat. Vapor 

V 9 

Sat. Liquid 

Uf 

Evap. 

Ufg 

Sat. Vapor 

Ug 

0.6113 

0.01 

0.001000 

206.131 

206.132 

0 

2375.3 

2375.3 

1 

6.98 

0.001000 

129.20702 

129.20802 

29.29 

2355.69 

2384.98 

1.5 

13.03 

0.001001 

87.97913 

87.98013 

54.70 

2338.63 

2393.32 

2 

17.50 

0.001001 

67.00285 

67.00385 

73.47 

2326.02 

2399.48 

2.5 

21.08 

0.001002 

54.25285 

54.25385 

88.47 

2315.93 

2404.40 

3 

24.08 

0.001003 

45.66402 

45.66502 

101.03 

2307.48 

2408.51 

4 

28.96 

0.001004 

34.79915 

34.80015 

121.44 

2293.73 

2415.17 

5 

32.88 

0.001005 

28.19150 

28.19251 

137.79 

2282.70 

2420.49 

7.5 

40.29 

0.001008 

19.23674 

19.23775 

168.76 

2261.74 

2430.50 

10 

45.81 

0.001010 

14.67254 

14.67355 

191.79 

2246.10 

2437.89 

15 

53.97 

0.001014 

10.02117 

10.02218 

225.90 

2222.83 

2448.73 

20 

60.06 

0.001017 

7.64835 

7.64937 

251.35 

2205.36 

2456.71 

25 

64.97 

0.001020 

6.20322 

6.20424 

271.88 

2191.21 

2463.08 

30 

69.10 

0.001022 

5.22816 

5.22918 

289.18 

2179.22 

2468.40 

40 

75.87 

0.001026 

3.99243 

3.99345 

317.51 

2159.49 

2477.00 

50 

81.33 

0.001030 

3.23931 

3.24034 

340.42 

2143.43 

2483.85 

75 

91.77 

0.001037 

2.21607 

2.21711 

394.29 

2112.39 

2496.67 

100 

99.62 

0.001043 

1.69296 

1.69400 

417.33 

2088.72 

2506.06 

125 

105.99 

0.001048 

1.37385 

1.37490 

444.16 

2069.32 

2513.48 

150 

111.37 

0.001053 

1.15828 

1.15933 

466.92 

2052.72 

2519.64 

175 

116.06 

0.001057 

1.00257 

1.00363 

486.78 

2038.12 

2524.90 

200 

120.23 

0.001061 

0.88467 

0.88573 

504.47 

2025.02 

2529.49 

225 

124.00 

0.001064 

0.79219 

0.79325 

520.45 

2013.10 

2533.56 

250 

127.43 

0.001067 

0.71765 

0.71871 

535.08 

2002.14 

2537.21 

275 

130.60 

0.001070 

0.65624 

0.65731 

548.57 

1991.95 

2540.53 

300 

133.55 

0.001073 

0.60475 

0.60582 

561.13 

1982.43 

2543.55 

325 

136.30 

0.001076 

0.56093 

0.56201 

572.88 

1973.46 

2546.34 

350 

138.88 

0.001079 

0.52317 

0.52425 

583.93 

1964.98 

2548.92 

375 

141.32 

0.001081 

0.49029 

0.49137 

594.38 

1956.93 

2551.31 

400 

143.63 

0.001084 

0.46138 

0.46246 

604.29 

1949.26 

2553.55 

450 

147.93 

0.001088 

0.41289 

0.41398 

622.75 

1934.87 

2557.62 

500 

151.86 

0.001093 

0.37380 

0.37489 

639.66 

1921.57 

2561.23 

550 

155.48 

0.001097 

0.34159 

0.34268 

655.30 

1909.17 

2564.47 

600 

158.85 

0.001101 

0.31457 

0.31567 

669.88 

1897.52 

2567.40 

650 

162.01 

0.001104 

0.29158 

0.29268 

683.55 

1886.51 

2570.06 

700 

164.97 

0.001108 

0.27176 

0.27286 

696.43 

1876.07 

2572.49 

750 

167.77 

0.001111 

0.25449 

0.25560 

708.62 

1866.11 

2574.73 

800 

170.43 

0.001115 

0.23931 

0.24043 

720.20 

1856.58 

2576.79 
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TABLE B. 1.2 ( continued ) 

Saturated Water Pressure E ntry 


Press. 

(kPa) 

Temp. 

(°C) 


E nthalpy, kj /kg 

E ntropy, kj / kg-K 

Sat. Liquid 

h f 

Evap. 

h fg 

Sat. Vapor 
h g 

Sat. Liquid 

Sf 

Evap. 

Sfg 

Sat. Vapor 

Sg 

0.6113 

0.01 

0.00 

2501.3 

2501.3 

0 

9.1562 

9.1562 

1.0 

6.98 

29.29 

2484.89 

2514.18 

0.1059 

8.8697 

8.9756 

1.5 

13.03 

54.70 

2470.59 

2525.30 

0.1956 

8.6322 

8.8278 

2.0 

17.50 

73.47 

2460.02 

2533.49 

0.2607 

8.4629 

8.7236 

2.5 

21.08 

88.47 

2451.56 

2540.03 

0.3120 

8.3311 

8.6431 

3.0 

24.08 

101.03 

2444.47 

2545.50 

0.3545 

8.2231 

8.5775 

4.0 

28.96 

121.44 

2432.93 

2554.37 

0.4226 

8.0520 

8.4746 

5.0 

32.88 

137.79 

2423.66 

2561.45 

0.4763 

7.9187 

8.3950 

7.5 

40.29 

168.77 

2406.02 

2574.79 

0.5763 

7.6751 

8.2514 

10 

45.81 

191.81 

2392.82 

2584.63 

0.6492 

7.5010 

8.1501 

15 

53.97 

225.91 

2373.14 

2599.06 

0.7548 

7.2536 

8.0084 

20 

60.06 

251.38 

2358.33 

2609.70 

0.8319 

7.0766 

7.9085 

25 

64.97 

271.90 

2346.29 

2618.19 

0.8930 

6.9383 

7.8313 

30 

69.10 

289.21 

2336.07 

2625.28 

0.9439 

6.8247 

7.7686 

40 

75.87 

317.55 

2319.19 

2636.74 

1.0258 

6.6441 

7.6700 

50 

81.33 

340.47 

2305.40 

2645.87 

1.0910 

6.5029 

7.5939 

75 

91.77 

384.36 

2278.59 

2662.96 

1.2129 

6.2434 

7.4563 

100 

99.62 

417.44 

2258.02 

2675.46 

1.3025 

6.0568 

7.3593 

125 

105.99 

444.30 

2241.05 

2685.35 

1.3739 

5.9104 

7.2843 

150 

111.37 

467.08 

2226.46 

2693.54 

1.4335 

5.7897 

7.2232 

175 

116.06 

486.97 

2213.57 

2700.53 

1.4848 

5.6868 

7.1717 

200 

120.23 

504.68 

2201.96 

2706.63 

1.5300 

5.5970 

7.1271 

225 

124.00 

520.69 

2191.35 

2712.04 

1.5705 

5.5173 

7.0878 

250 

127.43 

535.34 

2181.55 

2716.89 

1.6072 

5.4455 

7.0526 

275 

130.60 

548.87 

2172.42 

2721.29 

1.6407 

5.3801 

7.0208 

300 

133.55 

561.45 

2163.85 

2725.30 

1.6717 

5.3201 

6.9918 

325 

136.30 

573.23 

2155.76 

2728.99 

1.7005 

5.2646 

6.9651 

350 

138.88 

584.31 

2148.10 

2732.40 

1.7274 

5.2130 

6.9404 

375 

141.32 

594.79 

2140.79 

2735.58 

1.7527 

5.1647 

6.9174 

400 

143.63 

604.73 

2133.81 

2738.53 

1.7766 

5.1193 

6.8958 

450 

147.93 

623.24 

2120.67 

2743.91 

1.8206 

5.0359 

6.8565 

500 

151.86 

640.21 

2108.47 

2748.67 

1.8606 

4.9606 

6.8212 

550 

155.48 

655.91 

2097.04 

2752.94 

1.8972 

4.8920 

6.7892 

600 

158.85 

670.54 

2086.26 

2756.80 

1.9311 

4.8289 

6.7600 

650 

162.01 

684.26 

2076.04 

2760.30 

1.9627 

4.7704 

6.7330 

700 

164.97 

697.20 

2066.30 

2763.50 

1.9922 

4.7158 

6.7080 

750 

167.77 

709.45 

2056.98 

2766.43 

2.0199 

4.6647 

6.6846 

800 

170.43 

721.10 

2048.04 

2769.13 

2.0461 

4.6166 

6.6627 
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table B.i .2 ( continued ) 

Saturated Water Pressure E ntry 


Press. 

(kPa) 

Temp. 

(°C) 

Specific Volume, m 3 /kg 

1 nternal E nergy, kj /kg 

Sat. L iquid 

Vf 

Evap. 

Vfg 

Sat. Vapor 

Vg 

Sat. Liquid 

Uf 

Evap. 

Ufg 

Sat. Vapor 

Ug 

850 

172.96 

0.001118 

0.22586 

0.22698 

731.25 

1847.45 

2578.69 

900 

175.38 

0.001121 

0.21385 

0.21497 

741.81 

1838.65 

2580.46 

950 

177.69 

0.001124 

0.20306 

0.20419 

751.94 

1830.17 

2582.11 

1000 

179.91 

0.001127 

0.19332 

0.19444 

761.67 

1821.97 

2583.64 

1100 

184.09 

0.001133 

0.17639 

0.17753 

780.08 

1806.32 

2586.40 

1200 

187.99 

0.001139 

0.16220 

0.16333 

797.27 

1791.55 

2588.82 

1300 

191.64 

0.001144 

0.15011 

0.15125 

813.42 

1777.53 

2590.95 

1400 

195.07 

0.001149 

0.13969 

0.14084 

828.68 

1764.15 

2592.83 

1500 

198.32 

0.001154 

0.13062 

0.13177 

843.14 

1751.3 

2594.5 

1750 

205.76 

0.001166 

0.11232 

0.11349 

876.44 

1721.39 

2597.83 

2000 

212.42 

0.001177 

0.09845 

0.09963 

906.42 

1693.84 

2600.26 

2250 

218.45 

0.001187 

0.08756 

0.08875 

933.81 

1668.18 

2601.98 

2500 

223.99 

0.001197 

0.07878 

0.07998 

959.09 

1644.04 

2603.13 

2750 

229.12 

0.001207 

0.07154 

0.07275 

982.65 

1621.16 

2603.81 

3000 

233.90 

0.001216 

0.06546 

0.06668 

1004.76 

1599.34 

2604.10 

3250 

238.38 

0.001226 

0.06029 

0.06152 

1025.62 

1578.43 

2604.04 

3500 

242.60 

0.001235 

0.05583 

0.05707 

1045.41 

1558.29 

2603.70 

4000 

250.40 

0.001252 

0.04853 

0.04978 

1082.28 

1519.99 

2602.27 

5000 

263.99 

0.001286 

0.03815 

0.03944 

1147.78 

1449.34 

2597.12 

6000 

275.64 

0.001319 

0.03112 

0.03244 

1205.41 

1384.27 

2589.69 

7000 

285.88 

0.001351 

0.02602 

0.02737 

1257.51 

1322.97 

2580.48 

8000 

295.06 

0.001384 

0.02213 

0.02352 

1305.54 

1264.25 

2569.79 

9000 

303.40 

0.001418 

0.01907 

0.02048 

1350.47 

1207.28 

2557.75 

10000 

311.06 

0.001452 

0.01657 

0.01803 

1393.00 

1151.40 

2544.41 

11000 

318.15 

0.001489 

0.01450 

0.01599 

1433.68 

1096.06 

2529.74 

12000 

324.75 

0.001527 

0.01274 

0.01426 

1472.92 

1040.76 

2513.67 

13000 

330.93 

0.001567 

0.01121 

0.01278 

1511.09 

984.99 

2496.08 

14000 

336.75 

0.001611 

0.00987 

0.01149 

1548.53 

928.23 

2476.76 

15000 

342.24 

0.001658 

0.00868 

0.01034 

1585.58 

869.85 

2455.43 

16000 

347.43 

0.001711 

0.00760 

0.00931 

1622.63 

809.07 

2431.70 

17000 

352.37 

0.001770 

0.00659 

0.00836 

1660.16 

744.80 

2404.96 

18000 

357.06 

0.001840 

0.00565 

0.00749 

1698.86 

675.42 

2374.28 

19000 

361.54 

0.001924 

0.00473 

0.00666 

1739.87 

598.18 

2338.05 

20000 

365.81 

0.002035 

0.00380 

0.00583 

1785.47 

507.58 

2293.05 

21000 

369.89 

0.002206 

0.00275 

0.00495 

1841.97 

388.74 

2230.71 

22000 

373.80 

0.002808 

0.00072 

0.00353 

1973.16 

108.24 

2081.39 

22089 

374.14 

0.003155 

0 

0.00315 

2029.58 

0 

2029.58 
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TABLE B. 1.2 ( continued ) 

Saturated Water Pressure E ntry 


Press. 

(kPa) 

Temp. 

(°C) 


E nthalpy, kj /kg 


E ntropy, kj /kg-K 

Sat. Liquid 

h f 

Evap. 

h fg 

Sat. Vapor 
h g 

Sat. Liquid 

Sf 

Evap. 

Sfg 

Sat. Vapor 

Sg 

850 

172.96 

732.20 

2039.43 

2771.63 

2.0709 

4.5711 

6.6421 

900 

175.38 

742.82 

2031.12 

2773.94 

2.0946 

4.5280 

6.6225 

950 

177.69 

753.00 

2023.08 

2776.08 

2.1171 

4.4869 

6.6040 

1000 

179.91 

762.79 

2015.29 

2778.08 

2.1386 

4.4478 

6.5864 

1100 

184.09 

781.32 

2000.36 

2781.68 

2.1791 

4.3744 

6.5535 

1200 

187.99 

798.64 

1986.19 

2784.82 

2.2165 

4.3067 

6.5233 

1300 

191.64 

814.91 

1972.67 

2787.58 

2.2514 

4.2438 

6.4953 

1400 

195.07 

830.29 

1959.72 

2790.00 

2.2842 

4.1850 

6.4692 

1500 

198.32 

844.87 

1947.28 

2792.15 

2.3150 

4.1298 

6.4448 

1750 

205.76 

878.48 

1917.95 

2796.43 

2.3851 

4.0044 

6.3895 

2000 

212.42 

908.77 

1890.74 

2799.51 

2.4473 

3.8935 

6.3408 

2250 

218.45 

936.48 

1865.19 

2801.67 

2.5034 

3.7938 

6.2971 

2500 

223.99 

962.09 

1840.98 

2803.07 

2.5546 

3.7028 

6.2574 

2750 

229.12 

985.97 

1817.89 

2803.86 

2.6018 

3.6190 

6.2208 

3000 

233.90 

1008.41 

1795.73 

2804.14 

2.6456 

3.5412 

6.1869 

3250 

238.38 

1029.60 

1774.37 

2803.97 

2.6866 

3.4685 

6.1551 

3500 

242.60 

1049.73 

1753.70 

2803.43 

2.7252 

3.4000 

6.1252 

4000 

250.40 

1087.29 

1714.09 

2801.38 

2.7963 

3.2737 

6.0700 

5000 

263.99 

1154.21 

1640.12 

2794.33 

2.9201 

3.0532 

5.9733 

6000 

275.64 

1213.32 

1571.00 

2784.33 

3.0266 

2.8625 

5.8891 

7000 

285.88 

1266.97 

1505.10 

2772.07 

3.1210 

2.6922 

5.8132 

8000 

295.06 

1316.61 

1441.33 

2757.94 

3.2067 

2.5365 

5.7431 

9000 

303.40 

1363.23 

1378.88 

2742.11 

3.2857 

2.3915 

5.6771 

10000 

311.06 

1407.53 

1317.14 

2724.67 

3.3595 

2.2545 

5.6140 

11000 

318.15 

1450.05 

1255.55 

2705.60 

3.4294 

2.1233 

5.5527 

12000 

324.75 

1491.24 

1193.59 

2684.83 

3.4961 

1.9962 

5.4923 

13000 

330.93 

1531.46 

1130.76 

2662.22 

3.5604 

1.8718 

5.4323 

14000 

336.75 

1571.08 

1066.47 

2637.55 

3.6231 

1.7485 

5.3716 

15000 

342.24 

1610.45 

1000.04 

2610.49 

3.6847 

1.6250 

5.3097 

16000 

347.43 

1650.00 

930.59 

2580.59 

3.7460 

1.4995 

5.2454 

17000 

352.37 

1690.25 

856.90 

2547.15 

3.8078 

1.3698 

5.1776 

18000 

357.06 

1731.97 

777.13 

2509.09 

3.8713 

1.2330 

5.1044 

19000 

361.54 

1776.43 

688.11 

2464.54 

3.9387 

1.0841 

5.0227 

20000 

365.81 

1826.18 

583.56 

2409.74 

4.0137 

0.9132 

4.9269 

21000 

369.89 

1888.30 

446.42 

2334.72 

4.1073 

0.6942 

4.8015 

22000 

373.80 

2034.92 

124.04 

2158.97 

4.3307 

0.1917 

4.5224 

22089 

374.14 

2099.26 

0 

2099.26 

4.4297 

0 

4.4297 
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TABLE B.1.3 

Superheated Vapor Water 


Temp. 

(°C) 

V 

(m 3 /kg) 

u 

(kj /kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



P = 10 kPa (45.8TC) 



P = 50 kPa (81.33=0 


Sat. 

14.67355 

2437.89 

2584.63 

8.1501 

3.24034 

2483.85 

2645.87 

7.5939 

50 

14.86920 

2443.87 

2592.56 

8.1749 

— 

— 

— 

— 

100 

17.19561 

2515.50 

2687.46 

8.4479 

3.41833 

2511.61 

2682.52 

7.6947 

150 

19.51251 

2587.86 

2782.99 

8.6881 

3.88937 

2585.61 

2780.08 

7.9400 

200 

21.82507 

2661.27 

2879.52 

8.9037 

4.35595 

2659.85 

2877.64 

8.1579 

250 

24.13559 

2735.95 

2977.31 

9.1002 

4.82045 

2734.97 

2975.99 

8.3555 

300 

26.44508 

2812.06 

3076.51 

9.2812 

5.28391 

2811.33 

3075.52 

8.5372 

400 

31.06252 

2968.89 

3279.51 

9.6076 

6.20929 

2968.43 

3278.89 

8.8641 

500 

35.67896 

3132.26 

3489.05 

9.8977 

7.13364 

3131.94 

3488.62 

9.1545 

600 

40.29488 

3302.45 

3705.40 

10.1608 

8.05748 

3302.22 

3705.10 

9.4177 

700 

44.91052 

3479.63 

3928.73 

10.4028 

8.98104 

3479.45 

3928.51 

9.6599 

800 

49.52599 

3663.84 

4159.10 

10.6281 

9.90444 

3663.70 

4158.92 

9.8852 

900 

54.14137 

3855.03 

4396.44 

10.8395 

10.82773 

3854.91 

4396.30 

10.0967 

1000 

58.75669 

4053.01 

4640.58 

11.0392 

11.75097 

4052.91 

4640.46 

10.2964 

1100 

63.37198 

4257.47 

4891.19 

11.2287 

12.67418 

4257.37 

4891.08 

10.4858 

1200 

67.98724 

4467.91 

5147.78 

11.4090 

13.59737 

4467.82 

5147.69 

10.6662 

1300 

72.60250 

4683.68 

5409.70 

14.5810 

14.52054 

4683.58 

5409.61 

10.8382 



100 kPa (99.62= C) 



200 kPa (120.23=0 


Sat. 

1.69400 

2506.06 

2675.46 

7.3593 

0.88573 

2529.49 

2706.63 

7.1271 

150 

1.93636 

2582.75 

2776.38 

7.6133 

0.95964 

2576.87 

2768.80 

7.2795 

200 

2.17226 

2658.05 

2875.27 

7.8342 

1.08034 

2654.39 

2870.46 

7.5066 

250 

2.40604 

2733.73 

2974.33 

8.0332 

1.19880 

2731.22 

2970.98 

7.7085 

300 

2.63876 

2810.41 

3074.28 

8.2157 

1.31616 

2808.55 

3071.79 

7.8926 

400 

3.10263 

2967.85 

3278.11 

8.5434 

1.54930 

2966.69 

3276.55 

8.2217 

500 

3.56547 

3131.54 

3488.09 

8.8341 

1.78139 

3130.75 

3487.03 

8.5132 

600 

4.02781 

3301.94 

3704.72 

9.0975 

2.01297 

3301.36 

3703.96 

8.7769 

700 

4.48986 

3479.24 

3928.23 

9.3398 

2.24426 

3478.81 

3927.66 

9.0194 

800 

4.95174 

3663.53 

4158.71 

9.5652 

2.47539 

3663.19 

4158.27 

9.2450 

900 

5.41353 

3854.77 

4396.12 

9.7767 

2.70643 

3854.49 

4395.77 

9.4565 

1000 

5.87526 

4052.78 

4640.31 

9.9764 

2.93740 

4052.53 

4640.01 

9.6563 

1100 

6.33696 

4257.25 

4890.95 

10.1658 

3.16834 

4257.01 

4890.68 

9.8458 

1200 

6.79863 

4467.70 

5147.56 

10.3462 

3.39927 

4467.46 

5147.32 

10.0262 

1300 

7.26030 

4683.47 

5409.49 

10.5182 

3.63018 

4683.23 

5409.26 

10.1982 



300 kPa (133.55'C) 



400 kPa (143.63C) 


Sat. 

0.60582 

2543.55 

2725.30 

6.9918 

0.46246 

2553.55 

2738.53 

6.8958 

150 

0.63388 

2570.79 

2760.95 

7.0778 

0.47084 

2564.48 

2752.82 

6.9299 

200 

0.71629 

2650.65 

2865.54 

7.3115 

0.53422 

2646.83 

2860.51 

7.1706 
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TABLE B. 1.3 ( continued ) 

Superheated Vapor Water 


Temp. 

(°C) 

M 

(m 3 /kg) 

u 

(kj /kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



300 kPa (133.55 C) 



400 kPa (143.63°C) 


250 

0.79636 

2728.69 

2967.59 

7.5165 

0.59512 

2726.11 

2964.16 

7.3788 

300 

0.87529 

2806.69 

3069.28 

7.7022 

0.65484 

2804.81 

3066.75 

7.5661 

400 

1.03151 

2965.53 

3274.98 

8.0329 

0.77262 

2964.36 

3273.41 

7.8984 

500 

1.18669 

3129.95 

3485.96 

8.3250 

0.88934 

3129.15 

3484.89 

8.1912 

600 

1.34136 

3300.79 

3703.20 

8.5892 

1.00555 

3300.22 

3702.44 

8.4557 

700 

1.49573 

3478.38 

3927.10 

8.8319 

1.12147 

3477.95 

3926.53 

8.6987 

800 

1.64994 

3662.85 

4157.83 

9.0575 

1.23722 

3662.51 

4157.40 

8.9244 

900 

1.80406 

3854.20 

4395.42 

9.2691 

1.35288 

3853.91 

4395.06 

9.1361 

1000 

1.95812 

4052.27 

4639.71 

9.4689 

1.46847 

4052.02 

4639.41 

9.3360 

1100 

2.11214 

4256.77 

4890.41 

9.6585 

1.58404 

4256.53 

4890.15 

9.5255 

1200 

2.26614 

4467.23 

5147.07 

9.8389 

1.69958 

4466.99 

5146.83 

9.7059 

1300 

2.42013 

4682.99 

5409.03 

10.0109 

1.81511 

4682.75 

5408.80 

9.8780 



500 kPa (15 1.86=C) 



600kPa(158.85°C) 











Sat. 

0.37489 

2561.23 

2748.67 

6.8212 

0.31567 

2567.40 

2756.80 

6.7600 

200 

0.42492 

2642.91 

2855.37 

7.0592 

0.35202 

2638.91 

2850.12 

6.9665 

250 

0.47436 

2723.50 

2960.68 

7.2708 

0.39383 

2720.86 

2957.16 

7.1816 

300 

0.52256 

2802.91 

3064.20 

7.4598 

0.43437 

2801.00 

3061.63 

7.3723 

350 

0.57012 

2882.59 

3167.65 

7.6328 

0.47424 

2881.12 

3165.66 

7.5463 

400 

0.61728 

2963.19 

3271.83 

7.7937 

0.51372 

2962.02 

3270.25 

7.7078 

500 

0.71093 

3128.35 

3483.82 

8.0872 

0.59199 

3127.55 

3482.75 

8.0020 

600 

0.80406 

3299.64 

3701.67 

8.3521 

0.66974 

3299.07 

3700.91 

8.2673 

700 

0.89691 

3477.52 

3925.97 

8.5952 

0.74720 

3477.08 

3925.41 

8.5107 

800 

0.98959 

3662.17 

4156.96 

8.8211 

0.82450 

3661.83 

4156.52 

8.7367 

900 

1.08217 

3853.63 

4394.71 

9.0329 

0.90169 

3853.34 

4394.36 

8.9485 

1000 

1.17469 

4051.76 

4639.11 

9.2328 

0.97883 

4051.51 

4638.81 

9.1484 

1100 

1.26718 

4256.29 

4889.88 

9.4224 

1.05594 

4256.05 

4889.61 

9.3381 

1200 

1.35964 

4466.76 

5146.58 

9.6028 

1.13302 

4466.52 

5146.34 

9.5185 

1300 

1.45210 

4682.52 

5408.57 

9.7749 

1.21009 

4682.28 

5408.34 

9.6906 



800 kPa (170.43 1 C) 



1000 kPa (179.91°C) 


Sat. 

0.24043 

2576.79 

2769.13 

6.6627 

0.19444 

2583.64 

2778.08 

6.5864 

200 

0.26080 

2630.61 

2839.25 

6.8158 

0.20596 

2621.90 

2827.86 

6.6939 

250 

0.29314 

2715.46 

2949.97 

7.0384 

0.23268 

2709.91 

2942.59 

6.9246 

300 

0.32411 

2797.14 

3056.43 

7.2327 

0.25794 

2793.21 

3051.15 

7.1228 

350 

0.35439 

2878.16 

3161.68 

7.4088 

0.28247 

2875.18 

3157.65 

7.3010 

400 

0.38426 

2959.66 

3267.07 

7.5715 

0.30659 

2957.29 

3263.88 

7.4650 

500 

0.44331 

3125.95 

3480.60 

7.8672 

0.35411 

3124.34 

3478.44 

7.7621 

600 

0.50184 

3297.91 

3699.38 

8.1332 

0.40109 

3296.76 

3697.85 

8.0289 
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table B.i .3 ( continued ) 

Superheated Vapor Water 


Temp. 

(°C) 

V 

(m 3 /kg) 

u 

(kj /kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



800 kPa (170.43 3 C) 



1000 kPa (179.9rc) 


700 

0.56007 

3476.22 

3924.27 

8.3770 

0.44779 

3475.35 

3923.14 

8.2731 

800 

0.61813 

3661.14 

4155.65 

8.6033 

0.49432 

3660.46 

4154.78 

8.4996 

900 

0.67610 

3852.77 

4393.65 

8.8153 

0.54075 

3852.19 

4392.94 

8.7118 

1000 

0.73401 

4051.00 

4638.20 

9.0153 

0.58712 

4050.49 

4637.60 

8.9119 

1100 

0.79188 

4255.57 

4889.08 

9.2049 

0.63345 

4255.09 

4888.55 

9.1016 

1200 

0.84974 

4466.05 

5145.85 

9.3854 

0.67977 

4465.58 

5145.36 

9.2821 

1300 

0.90758 

4681.81 

5407.87 

9.5575 

0.72608 

4681.33 

5407.41 

9.4542 



1200 kPa (187.99 C) 



1400 kPa (195.07°C) 


Sat. 

0.16333 

2588.82 

2784.82 

6.5233 

0.14084 

2592.83 

2790.00 

6.4692 

200 

0.16930 

2612.74 

2815.90 

6.5898 

0.14302 

2603.09 

2803.32 

6.4975 

250 

0.19235 

2704.20 

2935.01 

6.8293 

0.16350 

2698.32 

2927.22 

6.7467 

300 

0.21382 

2789.22 

3045.80 

7.0316 

0.18228 

2785.16 

3040.35 

6.9533 

350 

0.23452 

2872.16 

3153.59 

7.2120 

0.20026 

2869.12 

3149.49 

7.1359 

400 

0.25480 

2954.90 

3260.66 

7.3773 

0.21780 

2952.50 

3257.42 

7.3025 

500 

0.29463 

3122.72 

3476.28 

7.6758 

0.25215 

3121.10 

3474.11 

7.6026 

600 

0.33393 

3295.60 

3696.32 

7.9434 

0.28596 

3294.44 

3694.78 

7.8710 

700 

0.37294 

3474.48 

3922.01 

8.1881 

0.31947 

3473.61 

3920.87 

8.1160 

800 

0.41177 

3659.77 

4153.90 

8.4149 

0.35281 

3659.09 

4153.03 

8.3431 

900 

0.45051 

3851.62 

4392.23 

8.6272 

0.38606 

3851.05 

4391.53 

8.5555 

1000 

0.48919 

4049.98 

4637.00 

8.8274 

0.41924 

4049.47 

4636.41 

8.7558 

1100 

0.52783 

4254.61 

4888.02 

9.0171 

0.45239 

4254.14 

4887.49 

8.9456 

1200 

0.56646 

4465.12 

5144.87 

9.1977 

0.48552 

4464.65 

5144.38 

9.1262 

1300 

0.60507 

4680.86 

5406.95 

9.3698 

0.51864 

4680.39 

5406.49 

9.2983 



1600 kPa (201.40)°C) 



1800 kPa (207.15°C) 


Sat. 

0.12380 

2595.95 

2794.02 

6.4217 

0.11042 

2598.38 

2797.13 

6.3793 

250 

0.14184 

2692.26 

2919.20 

6.6732 

0.12497 

2686.02 

2910.96 

6.6066 

300 

0.15862 

2781.03 

3034.83 

6.8844 

0.14021 

2776.83 

3029.21 

6.8226 

350 

0.17456 

2866.05 

3145.35 

7.0693 

0.15457 

2862.95 

3141.18 

7.0099 

400 

0.19005 

2950.09 

3254.17 

7.2373 

0.16847 

2947.66 

3250.90 

7.1793 

500 

0.22029 

3119.47 

3471.93 

7.5389 

0.19550 

3117.84 

3469.75 

7.4824 

600 

0.24998 

3293.27 

3693.23 

7.8080 

0.22199 

3292.10 

3691.69 

7.7523 

700 

0.27937 

3472.74 

3919.73 

8.0535 

0.24818 

3471.87 

3918.59 

7.9983 

800 

0.30859 

3658.40 

4152.15 

8.2808 

0.27420 

3657.71 

4151.27 

8.2258 

900 

0.33772 

3850.47 

4390.82 

8.4934 

0.30012 

3849.90 

4390.11 

8.4386 

1000 

0.36678 

4048.96 

4635.81 

8.6938 

0.32598 

4048.45 

4635.21 

8.6390 

1100 

0.39581 

4253.66 

4886.95 

8.8837 

0.35180 

4253.18 

4886.42 

8.8290 

1200 

0.42482 

4464.18 

5143.89 

9.0642 

0.37761 

4463.71 

5143.40 

9.0096 

1300 

0.45382 

4679.92 

5406.02 

9.2364 

0.40340 

4679.44 

5405.56 

9.1817 
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TABLE B. 1.3 ( continued ) 

Superheated Vapor Water 


Temp. 

(°C) 

M 

(m 3 /kg) 

u 

(kj /kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



2000 kPa (212.42=0 



2500 kPa (223.99=0 


Sat. 

0.09963 

2600.26 

2799.51 

6.3408 

0.07998 

2603.13 

2803.07 

6.2574 

250 

0.11144 

2679.58 

2902.46 

6.5452 

0.08700 

2662.55 

2880.06 

6.4084 

300 

0.12547 

2772.56 

3023.50 

6.7663 

0.09890 

2761.56 

3008.81 

6.6437 

350 

0.13857 

2859.81 

3136.96 

6.9562 

0.10976 

2851.84 

3126.24 

6.8402 

400 

0.15120 

2945.21 

3247.60 

7.1270 

0.12010 

2939.03 

3239.28 

7.0147 

450 

0.16353 

3030.41 

3357.48 

7.2844 

0.13014 

3025.43 

3350.77 

7.1745 

500 

0.17568 

3116.20 

3467.55 

7.4316 

0.13998 

3112.08 

3462.04 

7.3233 

600 

0.19960 

3290.93 

3690.14 

7.7023 

0.15930 

3287.99 

3686.25 

7.5960 

700 

0.22323 

3470.99 

3917.45 

7.9487 

0.17832 

3468.80 

3914.59 

7.8435 

800 

0.24668 

3657.03 

4150.40 

8.1766 

0.19716 

3655.30 

4148.20 

8.0720 

900 

0.27004 

3849.33 

4389.40 

8.3895 

0.21590 

3847.89 

4387.64 

8.2853 

1000 

0.29333 

4047.94 

4634.61 

8.5900 

0.23458 

4046.67 

4633.12 

8.4860 

1100 

0.31659 

4252.71 

4885.89 

8.7800 

0.25322 

4251.52 

4884.57 

8.6761 

1200 

0.33984 

4463.25 

5142.92 

8.9606 

0.27185 

4462.08 

5141.70 

8.8569 

1300 

0.36306 

4678.97 

5405.10 

9.1328 

0.29046 

4677.80 

5403.95 

9.0291 



3000 kPa (233.90=0 



4000 kPa (250.40=0 


Sat. 

0.06668 

2604.10 

2804.14 

6.1869 

0.04978 

2602.27 

2801.38 

6.0700 

250 

0.07058 

2644.00 

2855.75 

6.2871 

— 

— 

— 

— 

300 

0.08114 

2750.05 

2993.48 

6.5389 

0.05884 

2725.33 

2960.68 

6.3614 

350 

0.09053 

2843.66 

3115.25 

6.7427 

0.06645 

2826.65 

3092.43 

6.5820 

400 

0.09936 

2932.75 

3230.82 

6.9211 

0.07341 

2919.88 

3213.51 

6.7689 

450 

0.10787 

3020.38 

3344.00 

7.0833 

0.08003 

3010.13 

3330.23 

6.9362 

500 

0.11619 

3107.92 

3456.48 

7.2337 

0.08643 

3099.49 

3445.21 

7.0900 

600 

0.13243 

3285.03 

3682.34 

7.5084 

0.09885 

3279.06 

3674.44 

7.3688 

700 

0.14838 

3466.59 

3911.72 

7.7571 

0.11095 

3462.15 

3905.94 

7.6198 

800 

0.16414 

3653.58 

4146.00 

7.9862 

0.12287 

3650.11 

4141.59 

7.8502 

900 

0.17980 

3846.46 

4385.87 

8.1999 

0.13469 

3843.59 

4382.34 

8.0647 

1000 

0.19541 

4045.40 

4631.63 

8.4009 

0.14645 

4042.87 

4628.65 

8.2661 

1100 

0.21098 

4250.33 

4883.26 

8.5911 

0.15817 

4247.96 

4880.63 

8.4566 

1200 

0.22652 

4460.92 

5140.49 

8.7719 

0.16987 

4458.60 

5138.07 

8.6376 

1300 

0.24206 

4676.63 

5402.81 

8.9442 

0.18156 

4674.29 

5400.52 

8.8099 
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table B.i .3 ( continued ) 

Superheated Vapor Water 


Temp. 

(°C) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



5000 kPa (263.99 C) 



6000 kPa (275. 64 Q 


Sat. 

0.03944 

2597.12 

2794.33 

5.9733 

0.03244 

2589.69 

2784.33 

5.8891 

300 

0.04532 

2697.94 

2924.53 

6.2083 

0.03616 

2667.22 

2884.19 

6.0673 

350 

0.05194 

2808.67 

3068.39 

6.4492 

0.04223 

2789.61 

3042.97 

6.3334 

400 

0.05781 

2906.58 

3195.64 

6.6458 

0.04739 

2892.81 

3177.17 

6.5407 

450 

0.06330 

2999.64 

3316.15 

6.8185 

0.05214 

2988.90 

3301.76 

6.7192 

500 

0.06857 

3090.92 

3433.76 

6.9758 

0.05665 

3082.20 

3422.12 

6.8802 

550 

0.07368 

3181.82 

3550.23 

7.1217 

0.06101 

3174.57 

3540.62 

7.0287 

600 

0.07869 

3273.01 

3666.47 

7.2588 

0.06525 

3266.89 

3658.40 

7.1676 

700 

0.08849 

3457.67 

3900.13 

7.5122 

0.07352 

3453.15 

3894.28 

7.4234 

800 

0.09811 

3646.62 

4137.17 

7.7440 

0.08160 

3643.12 

4132.74 

7.6566 

900 

0.10762 

3840.71 

4378.82 

7.9593 

0.08958 

3837.84 

4375.29 

7.8727 

1000 

0.11707 

4040.35 

4625.69 

8.1612 

0.09749 

4037.83 

4622.74 

8.0751 

1100 

0.12648 

4245.61 

4878.02 

8.3519 

0.10536 

4243.26 

4875.42 

8.2661 

1200 

0.13587 

4456.30 

5135.67 

8.5330 

0.11321 

4454.00 

5133.28 

8.4473 

1300 

0.14526 

4671.96 

5398.24 

8.7055 

0.12106 

4669.64 

5395.97 

8.6199 



8000 kPa (295.06=C) 



10000 kPa (311.06=0 


Sat. 

0.02352 

2569.79 

2757.94 

5.7431 

0.01803 

2544.41 

2724.67 

5.6140 

300 

0.02426 

2590.93 

2784.98 

5.7905 

— 

— 

— 

— 

350 

0.02995 

2747.67 

2987.30 

6.1300 

0.02242 

2699.16 

2923.39 

5.9442 

400 

0.03432 

2863.75 

3138.28 

6.3633 

0.02641 

2832.38 

3096.46 

6.2119 

450 

0.03817 

2966.66 

3271.99 

6.5550 

0.02975 

2943.32 

3240.83 

6.4189 

500 

0.04175 

3064.30 

3398.27 

6.7239 

0.03279 

3045.77 

3373.63 

6.5965 

550 

0.04516 

3159.76 

3521.01 

6.8778 

0.03564 

3144.54 

3500.92 

6.7561 

600 

0.04845 

3254.43 

3642.03 

7.0205 

0.03837 

3241.68 

3625.34 

6.9028 

700 

0.05481 

3444.00 

3882.47 

7.2812 

0.04358 

3434.72 

3870.52 

7.1687 

800 

0.06097 

3636.08 

4123.84 

7.5173 

0.04859 

3628.97 

4114.91 

7.4077 

900 

0.06702 

3832.08 

4368.26 

7.7350 

0.05349 

3826.32 

4361.24 

7.6272 

1000 

0.07301 

4032.81 

4616.87 

7.9384 

0.05832 

4027.81 

4611.04 

7.8315 

1100 

0.07896 

4238.60 

4870.25 

8.1299 

0.06312 

4233.97 

4865.14 

8.0236 

1200 

0.08489 

4449.45 

5128.54 

8.3115 

0.06789 

4444.93 

5123.84 

8.2054 

1300 

0.09080 

4665.02 

5391.46 

8.4842 

0.07265 

4660.44 

5386.99 

8.3783 
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TABLE B. 1.3 ( continued ) 

Superheated Vapor Water 


Temp. 

(°C) 

M 

(m 3 /kg) 

u 

(kj /kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



15000 kPa (342. 24’ C) 



20000 kPa (365.81°C) 


Sat. 

0.01034 

2455.43 

2610.49 

5.3097 

0.00583 

2293.05 

2409.74 

4.9269 

350 

0.01147 

2520.36 

2692.41 

5.4420 

— 

— 

— 

— 

400 

0.01565 

2740.70 

2975.44 

5.8810 

0.00994 

2619.22 

2818.07 

5.5539 

450 

0.01845 

2879.47 

3156.15 

6.1403 

0.01270 

2806.16 

3060.06 

5.9016 

500 

0.02080 

2996.52 

3308.53 

6.3442 

0.01477 

2942.82 

3238.18 

6.1400 

550 

0.02293 

3104.71 

3448.61 

6.5198 

0.01656 

3062.34 

3393.45 

6.3347 

600 

0.02491 

3208.64 

3582.30 

6.6775 

0.01818 

3174.00 

3537.57 

6.5048 

650 

0.02680 

3310.37 

3712.32 

6.8223 

0.01969 

3281.46 

3675.32 

6.6582 

700 

0.02861 

3410.94 

3840.12 

6.9572 

0.02113 

3386.46 

3809.09 

6.7993 

800 

0.03210 

3610.99 

4092.43 

7.2040 

0.02385 

3592.73 

4069.80 

7.0544 

900 

0.03546 

3811.89 

4343.75 

7.4279 

0.02645 

3797.44 

4326.37 

7.2830 

1000 

0.03875 

4015.41 

4596.63 

7.6347 

0.02897 

4003.12 

4582.45 

7.4925 

1100 

0.04200 

4222.55 

4852.56 

7.8282 

0.03145 

4211.30 

4840.24 

7.6874 

1200 

0.04523 

4433.78 

5112.27 

8.0108 

0.03391 

4422.81 

5100.96 

7.8706 

1300 

0.04845 

4649.12 

5375.94 

8.1839 

0.03636 

4637.95 

5365.10 

8.0441 



30000 kPa 



40000 kPa 


375 

0.001789 

1737.75 

1791.43 

3.9303 

0.001641 

1677.09 

1742.71 

3.8289 

400 

0.002790 

2067.34 

2151.04 

4.4728 

0.001908 

1854.52 

1930.83 

4.1134 

425 

0.005304 

2455.06 

2614.17 

5.1503 

0.002532 

2096.83 

2198.11 

4.5028 

450 

0.006735 

2619.30 

2821.35 

5.4423 

0.003693 

2365.07 

2512.79 

4.9459 

500 

0.008679 

2820.67 

3081.03 

5.7904 

0.005623 

2678.36 

2903.26 

5.4699 

550 

0.010168 

2970.31 

3275.36 

6.0342 

0.006984 

2869.69 

3149.05 

5.7784 

600 

0.011446 

3100.53 

3443.91 

6.2330 

0.008094 

3022.61 

3346.38 

6.0113 

650 

0.012596 

3221.04 

3598.93 

6.4057 

0.009064 

3158.04 

3520.58 

6.2054 

700 

0.013661 

3335.84 

3745.67 

6.5606 

0.009942 

3283.63 

3681.29 

6.3750 

800 

0.015623 

3555.60 

4024.31 

6.8332 

0.011523 

3517.89 

3978.80 

6.6662 

900 

0.017448 

3768.48 

4291.93 

7.0717 

0.012963 

3739.42 

4257.93 

6.9150 

1000 

0.019196 

3978.79 

4554.68 

7.2867 

0.014324 

3954.64 

4527.59 

7.1356 

1100 

0.020903 

4189.18 

4816.28 

7.4845 

0.015643 

4167.38 

4793.08 

7.3364 

1200 

0.022589 

4401.29 

5078.97 

7.6691 

0.016940 

4380.11 

5057.72 

7.5224 

1300 

0.024266 

4615.96 

5343.95 

7.8432 

0.018229 

4594.28 

5323.45 

7.6969 
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TABLE B.1.4 

C ompressed L iquid Water 


Temp. 

(°C) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



500 kPa (151.86=C) 



2000 kPa (212.42=0 


Sat. 

0.001093 

639.66 

640.21 

1.8606 

0.001177 

906.42 

908.77 

2.4473 

0.01 

0.000999 

0.01 

0.51 

0.0000 

0.000999 

0.03 

2.03 

0.0001 

20 

0.001002 

83.91 

84.41 

0.2965 

0.001001 

83.82 

85.82 

.2962 

40 

0.001008 

167.47 

167.98 

0.5722 

0.001007 

167.29 

169.30 

.5716 

60 

0.001017 

251.00 

251.51 

0.8308 

0.001016 

250.73 

252.77 

.8300 

80 

0.001029 

334.73 

335.24 

1.0749 

0.001028 

334.38 

336.44 

1.0739 

100 

0.001043 

418.80 

419.32 

1.3065 

0.001043 

418.36 

420.45 

1.3053 

120 

0.001060 

503.37 

503.90 

1.5273 

0.001059 

502.84 

504.96 

1.5259 

140 

0.001080 

588.66 

589.20 

1.7389 

0.001079 

588.02 

590.18 

1.7373 

160 

— 

— 

— 

— 

0.001101 

674.14 

676.34 

1.9410 

180 

— 

— 

— 

— 

0.001127 

761.46 

763.71 

2.1382 

200 

— 

— 

— 

— 

0.001156 

850.30 

852.61 

2.3301 



5000 kPa (263.99=0 



10000 kPa (311.06=0 


Sat 

0.001286 

1147.78 

1154.21 

2.9201 

0.001452 

1393.00 

1407.53 

3.3595 

0 

0.000998 

0.03 

5.02 

0.0001 

0.000995 

0.10 

10.05 

0.0003 

20 

0.001000 

83.64 

88.64 

0.2955 

0.000997 

83.35 

93.32 

0.2945 

40 

0.001006 

166.93 

171.95 

0.5705 

0.001003 

166.33 

176.36 

0.5685 

60 

0.001015 

250.21 

255.28 

0.8284 

0.001013 

249.34 

259.47 

0.8258 

80 

0.001027 

333.69 

338.83 

1.0719 

0.001025 

332.56 

342.81 

1.0687 

100 

0.001041 

417.50 

422.71 

1.3030 

0.001039 

416.09 

426.48 

1.2992 

120 

0.001058 

501.79 

507.07 

1.5232 

0.001055 

500.07 

510.61 

1.5188 

140 

0.001077 

586.74 

592.13 

1.7342 

0.001074 

584.67 

595.40 

1.7291 

160 

0.001099 

672.61 

678.10 

1.9374 

0.001195 

670.11 

681.07 

1.9316 

180 

0.001124 

759.62 

765.24 

2.1341 

0.001120 

756.63 

767.83 

2.1274 

200 

0.001153 

848.08 

853.85 

2.3254 

0.001148 

844.49 

855.97 

2.3178 

220 

0.001187 

938.43 

944.36 

2.5128 

0.001181 

934.07 

945.88 

2.5038 

240 

0.001226 

1031.34 

1037.47 

2.6978 

0.001219 

1025.94 

1038.13 

2.6872 

260 

0.001275 

1127.92 

1134.30 

2.8829 

0.001265 

1121.03 

1133.68 

2.8698 

280 





0.001322 

1220.90 

1234.11 

3.0547 

300 





0.001397 

1328.34 

1342.31 

3.2468 


APPENDIX B SI UNITS: THERMODYNAMIC TABLES ■ 791 


TABLE B. 1.4 ( continued ) 

C ompressed L iquid Water 


Temp. 

V 

u 

h 

s 

V 

u 

h 

s 

(°C) 

(m 3 /kg) 

(kj /kg) 

(kj/kg) 

(kJ/kg-K) 

(m 3 /kg) 

(kj/kg) 

(kj/kg) 

(kJ/kg-K) 



15000 kPa ( 342.24 C ) 



20000 kPa ( 365 . 81 ° C ) 


Sat . 

0.001658 

1585.58 

1610.45 

3.6847 

0.002035 

1785.47 

1826.18 

4.0137 

0 

0.000993 

0.15 

15.04 

0.0004 

0.000990 

0.20 

20.00 

0.0004 

20 

0.000995 

83.05 

97.97 

0.2934 

0.000993 

82.75 

102.61 

0.2922 

40 

0.001001 

165.73 

180.75 

0.5665 

0.000999 

165.15 

185.14 

0.5646 

60 

0.001011 

248.49 

263.65 

0.8231 

0.001008 

247.66 

267.82 

0.8205 

80 

0.001022 

331.46 

346.79 

1.0655 

0.001020 

330.38 

350.78 

1.0623 

100 

0.001036 

414.72 

430.26 

1.2954 

0.001034 

413.37 

434.04 

1.2917 

120 

0.001052 

498.39 

514.17 

1.5144 

0.001050 

496.75 

517.74 

1.5101 

140 

0.001071 

582.64 

598.70 

1.7241 

0.001068 

580.67 

602.03 

1.7192 

160 

0.001092 

667.69 

684.07 

1.9259 

0.001089 

665.34 

687.11 

1.9203 

180 

0.001116 

753.74 

770.48 

2.1209 

0.001112 

750.94 

773.18 

2.1146 

200 

0.001143 

841.04 

858.18 

2.3103 

0.001139 

837.70 

860.47 

2.3031 

220 

0.001175 

929.89 

947.52 

2.4952 

0.001169 

925.89 

949.27 

2.4869 

240 

0.001211 

1020.82 

1038.99 

2.6770 

0.001205 

1015.94 

1040.04 

2.6673 

260 

0.001255 

1114.59 

1133.41 

2.8575 

0.001246 

1108.53 

1133.45 

2.8459 

280 

0.001308 

1212.47 

1232.09 

3.0392 

0.001297 

1204.69 

1230.62 

3.0248 

300 

0.001377 

1316.58 

1337.23 

3.2259 

0.001360 

1306.10 

1333.29 

3.2071 

320 

0.001472 

1431.05 

1453.13 

3.4246 

0.001444 

1415.66 

1444.53 

3.3978 

340 

0.001631 

1567.42 

1591.88 

3.6545 

0.001568 

1539.64 

1571.01 

3.6074 

360 





0.001823 

1702.78 

1739.23 

3.8770 



30000 kPa 



50000 kPa 


0 

0.000986 

0.25 

29.82 

0.0001 

0.000977 

0.20 

49.03 

- 0.0014 

20 

0.000989 

82.16 

111.82 

0.2898 

0.000980 

80.98 

130.00 

0.2847 

40 

0.000995 

164.01 

193.87 

0.5606 

0.000987 

161.84 

211.20 

0.5526 

60 

0.001004 

246.03 

276.16 

0.8153 

0.000996 

242.96 

292.77 

0.8051 

80 

0.001016 

328.28 

358.75 

1.0561 

0.001007 

324.32 

374.68 

1.0439 

100 

0.001029 

410.76 

441.63 

1.2844 

0.001020 

405.86 

456.87 

1.2703 

120 

0.001044 

493.58 

524.91 

1.5017 

0.001035 

487.63 

539.37 

1.4857 

140 

0.001062 

576.86 

608.73 

1.7097 

0.001052 

569.76 

622.33 

1.6915 

160 

0.001082 

660.81 

693.27 

1.9095 

0.001070 

652.39 

705.91 

1.8890 

180 

0.001105 

745.57 

778.71 

2.1024 

0.001091 

735.68 

790.24 

2.0793 

200 

0.001130 

831.34 

865.24 

2.2892 

0.001115 

819.73 

875.46 

2.2634 

220 

0.001159 

918.32 

953.09 

2.4710 

0.001141 

904.67 

961.71 

2.4419 

240 

0.001192 

1006.84 

1042.60 

2.6489 

0.001170 

990.69 

1049.20 

2.6158 

260 

0.001230 

1097.38 

1134.29 

2.8242 

0.001203 

1078.06 

1138.23 

2.7860 

280 

0.001275 

1190.69 

1228.96 

2.9985 

0.001242 

1167.19 

1229.26 

2.9536 

300 

0.001330 

1287.89 

1327.80 

3.1740 

0.001286 

1258.66 

1322.95 

3.1200 

320 

0.001400 

1390.64 

1432.63 

3.3538 

0.001339 

1353.23 

1420.17 

3.2867 

340 

0.001492 

1501.71 

1546.47 

3.5425 

0.001403 

1451.91 

1522.07 

3.4556 

360 

0.001627 

1626.57 

1675.36 

3.7492 

0.001484 

1555.97 

1630.16 

3.6290 

380 

0.001869 

1781.35 

1837.43 

4.0010 

0.001588 

1667.13 

1746.54 

3.8100 
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TABLE B.1.5 

Saturated Solid-Saturated Vapor, Water 


Temp. 

(°C) 

Press. 

(kPa) 


Specific Volume, m 3 /kg 

1 nternal E nergy, kj /kg 

Sat. Solid 

Vi 

Evap. 

Vig 

Sat. Vapor 

Vg 

Sat. Solid 

Ui 

Evap. 

U/g 

Sat. Vapor 

Ug 

0.01 

0.6113 

0.0010908 

206.152 

206.153 

-333.40 

2708.7 

2375.3 

0 

0.6108 

0.0010908 

206.314 

206.315 

-333.42 

2708.7 

2375.3 

-2 

0.5177 

0.0010905 

241.662 

241.663 

-337.61 

2710.2 

2372.5 

-4 

0.4376 

0.0010901 

283.798 

283.799 

-341.78 

2711.5 

2369.8 

-6 

0.3689 

0.0010898 

334.138 

334.139 

-345.91 

2712.9 

2367.0 

-8 

0.3102 

0.0010894 

394.413 

394.414 

-350.02 

2714.2 

2364.2 

-10 

0.2601 

0.0010891 

466.756 

466.757 

-354.09 

2715.5 

2361.4 

-12 

0.2176 

0.0010888 

553.802 

553.803 

-358.14 

2716.8 

2358.7 

-14 

0.1815 

0.0010884 

658.824 

658.824 

-362.16 

2718.0 

2355.9 

-16 

0.1510 

0.0010881 

785.906 

785.907 

-366.14 

2719.2 

2353.1 

-18 

0.1252 

0.0010878 

940.182 

940.183 

-370.10 

2720.4 

2350.3 

-20 

0.10355 

0.0010874 

1128.112 

1128.113 

-374.03 

2721.6 

2347.5 

-22 

0.08535 

0.0010871 

1357.863 

1357.864 

-377.93 

2722.7 

2344.7 

-24 

0.07012 

0.0010868 

1639.752 

1639.753 

-381.80 

2723.7 

2342.0 

-26 

0.05741 

0.0010864 

1986.775 

1986.776 

-385.64 

2724.8 

2339.2 

-28 

0.04684 

0.0010861 

2415.200 

2415.201 

-389.45 

2725.8 

2336.4 

-30 

0.03810 

0.0010858 

2945.227 

2945.228 

-393.23 

2726.8 

2333.6 

-32 

0.03090 

0.0010854 

3601.822 

3601.823 

-396.98 

2727.8 

2330.8 

-34 

0.02499 

0.0010851 

4416.252 

4416.253 

-400.71 

2728.7 

2328.0 

-36 

0.02016 

0.0010848 

5430.115 

5430.116 

-404.40 

2729.6 

2325.2 

-38 

0.01618 

0.0010844 

6707.021 

6707.022 

-408.06 

2730.5 

2322.4 

-40 

0.01286 

0.0010841 

8366.395 

8366.396 

-411.70 

2731.3 

2319.6 
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TABLE B. 1.5 ( continued ) 

Saturated Solid-Saturated Vapor, Water 


Temp. 

(°C) 

Press. 

(kPa) 


E nthalpy, kj /kg 

E ntropy, kj / kg-K 

Sat. Solid 
hi 

Evap. 

hig 

Sat. Vapor 

hg 

Sat. Solid 

Si 

Evap. 

S/g 

Sat. Vapor 

Sg 

0.01 

0.6113 

- 333.40 

2834.7 

2501.3 

- 1.2210 

10.3772 

9.1562 

0 

0.6108 

- 333.42 

2834.8 

2501.3 

- 1.2211 

10.3776 

9.1565 

-2 

0.5177 

- 337.61 

2835.3 

2497.6 

- 1.2369 

10.4562 

9.2193 

-4 

0.4376 

- 341.78 

2835.7 

2494.0 

- 1.2526 

10.5358 

9.2832 

-6 

0.3689 

- 345.91 

2836.2 

2490.3 

- 1.2683 

10.6165 

9.3482 

-8 

0.3102 

- 350.02 

2836.6 

2486.6 

- 1.2839 

10.6982 

9.4143 

-10 

0.2601 

- 354.09 

2837.0 

2482.9 

- 1.2995 

10.7809 

9.4815 

-12 

0.2176 

- 358.14 

2837.3 

2479.2 

- 1.3150 

10.8648 

9.5498 

-14 

0.1815 

- 362.16 

2837.6 

2475.5 

- 1.3306 

10.9498 

9.6192 

-16 

0.1510 

- 366.14 

2837.9 

2471.8 

- 1.3461 

11.0359 

9.6898 

-18 

0.1252 

- 370.10 

2838.2 

2468.1 

- 1.3617 

11.1233 

9.7616 

-20 

0.10355 

- 374.03 

2838.4 

2464.3 

- 1.3772 

11.2120 

9.8348 

-22 

0.08535 

- 377.93 

2838.6 

2460.6 

- 1.3928 

11.3020 

9.9093 

-24 

0.07012 

- 381.80 

2838.7 

2456.9 

- 1.4083 

11.3935 

9.9852 

-26 

0.05741 

- 385.64 

2838.9 

2453.2 

- 1.4239 

11.4864 

10.0625 

-28 

0.04684 

- 389.45 

2839.0 

2449.5 

- 1.4394 

11.5808 

10.1413 

-30 

0.03810 

- 393.23 

2839.0 

2445.8 

- 1.4550 

11.6765 

10.2215 

-32 

0.03090 

- 396.98 

2839.1 

2442.1 

- 1.4705 

11.7733 

10.3028 

-34 

0.02499 

- 400.71 

2839.1 

2438.4 

- 1.4860 

11.8713 

10.3853 

-36 

0.02016 

- 404.40 

2839.1 

2434.7 

- 1.5014 

11.9704 

10.4690 

-38 

0.01618 

- 408.06 

2839.0 

2431.0 

- 1.5168 

12.0714 

10.5546 

-40 

0.01286 

- 411.70 

2838.9 

2427.2 

- 1.5321 

12.1768 

10.6447 
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TABLE B.2 

Thermodynamic Properties of Ammonia 

TABLE B.2.1 

Saturated A mmonia 


Specific Volume, m 3 /kg I nternal E nergy, kj /kg 


Temp. 

(°C) 

Press. 

(kPa) 

Sat. L iquid 

Vf 

Evap. 

Vfg 

Sat. Vapor 

Vg 

Sat. Liquid 

Uf 

Evap. 

M fg 

Sat. Vapor 

Ug 

-50 

40.9 

0.001424 

2.62557 

2.62700 

-43.82 

1309.1 

1265.2 

-45 

54.5 

0.001437 

2.00489 

2.00632 

-22.01 

1293.5 

1271.4 

-40 

71.7 

0.001450 

1.55111 

1.55256 

-0.10 

1277.6 

1277.4 

-35 

93.2 

0.001463 

1.21466 

1.21613 

21.93 

1261.3 

1283.3 

-30 

119.5 

0.001476 

0.96192 

0.96339 

44.08 

1244.8 

1288.9 

-25 

151.6 

0.001490 

0.76970 

0.77119 

66.36 

1227.9 

1294.3 

-20 

190.2 

0.001504 

0.62184 

0.62334 

88.76 

1210.7 

1299.5 

-15 

236.3 

0.001519 

0.50686 

0.50838 

111.30 

1193.2 

1304.5 

-10 

290.9 

0.001534 

0.41655 

0.41808 

133.96 

1175.2 

1309.2 

-5 

354.9 

0.001550 

0.34493 

0.34648 

156.76 

1157.0 

1313.7 

0 

429.6 

0.001566 

0.28763 

0.28920 

179.69 

1138.3 

1318.0 

5 

515.9 

0.001583 

0.24140 

0.24299 

202.77 

1119.2 

1322.0 

10 

615.2 

0.001600 

0.20381 

0.20541 

225.99 

1099.7 

1325.7 

15 

728.6 

0.001619 

0.17300 

0.17462 

249.36 

1079.7 

1329.1 

20 

857.5 

0.001638 

0.14758 

0.14922 

272.89 

1059.3 

1332.2 

25 

1003.2 

0.001658 

0.12647 

0.12813 

296.59 

1038.4 

1335.0 

30 

1167.0 

0.001680 

0.10881 

0.11049 

320.46 

1016.9 

1337.4 

35 

1350.4 

0.001702 

0.09397 

0.09567 

344.50 

994.9 

1339.4 

40 

1554.9 

0.001725 

0.08141 

0.08313 

368.74 

972.2 

1341.0 

45 

1782.0 

0.001750 

0.07073 

0.07248 

393.19 

948.9 

1342.1 

50 

2033.1 

0.001777 

0.06159 

0.06337 

417.87 

924.8 

1342.7 

55 

2310.1 

0.001804 

0.05375 

0.05555 

442.79 

899.9 

1342.7 

60 

2614.4 

0.001834 

0.04697 

0.04880 

467.99 

874.2 

1342.1 

65 

2947.8 

0.001866 

0.04109 

0.04296 

493.51 

847.4 

1340.9 

70 

3312.0 

0.001900 

0.03597 

0.03787 

519.39 

819.5 

1338.9 

75 

3709.0 

0.001937 

0.03148 

0.03341 

545.70 

790.4 

1336.1 

80 

4140.5 

0.001978 

0.02753 

0.02951 

572.50 

759.9 

1332.4 

85 

4608.6 

0.002022 

0.02404 

0.02606 

599.90 

727.8 

1327.7 

90 

5115.3 

0.002071 

0.02093 

0.02300 

627.99 

693.7 

1321.7 

95 

5662.9 

0.002126 

0.01815 

0.02028 

656.95 

657.4 

1314.4 

100 

6253.7 

0.002188 

0.01565 

0.01784 

686.96 

618.4 

1305.3 

105 

6890.4 

0.002261 

0.01337 

0.01564 

718.30 

575.9 

1294.2 

110 

7575.7 

0.002347 

0.01128 

0.01363 

751.37 

529.1 

1280.5 

115 

8313.3 

0.002452 

0.00933 

0.01178 

786.82 

476.2 

1263.1 

120 

9107.2 

0.002589 

0.00744 

0.01003 

825.77 

414.5 

1240.3 

125 

9963.5 

0.002783 

0.00554 

0.00833 

870.69 

337.7 

1208.4 

130 

10891.6 

0.003122 

0.00337 

0.00649 

929.29 

226.9 

1156.2 

132.3 

11333.2 

0.004255 

0 

0.00426 

1037.62 

0 

1037.6 
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TABLE B.2.1 ( continued ) 

Saturated Ammonia 


Temp. 

(°C) 

Press. 

(kPa) 

E nthalpy, kj /kg 

E ntropy, kj / kg-K 

Sat. Liquid 
hf 

Evap. 

h fg 

Sat. Vapor 
hg 

Sat. Liquid 

s f 

Evap. 

Sfg 

Sat. Vapor 

Sg 

-50 

40.9 

- 43.76 

1416.3 

1372.6 

- 0.1916 

6.3470 

6.1554 

-45 

54.5 

- 21.94 

1402.8 

1380.8 

- 0.0950 

6.1484 

6.0534 

-40 

71.7 

0 

1388.8 

1388.8 

0 

5.9567 

5.9567 

-35 

93.2 

22.06 

1374.5 

1396.5 

0.0935 

5.7715 

5.8650 

-30 

119.5 

44.26 

1359.8 

1404.0 

0.1856 

5.5922 

5.7778 

-25 

151.6 

66.58 

1344.6 

1411.2 

0.2763 

5.4185 

5.6947 

-20 

190.2 

89.05 

1329.0 

1418.0 

0.3657 

5.2498 

5.6155 

-15 

236.3 

111.66 

1312.9 

1424.6 

0.4538 

5.0859 

5.5397 

-10 

290.9 

134.41 

1296.4 

1430.8 

0.5408 

4.9265 

5.4673 

-5 

354.9 

157.31 

1279.4 

1436.7 

0.6266 

4.7711 

5.3977 

0 

429.6 

180.36 

1261.8 

1442.2 

0.7114 

4.6195 

5.3309 

5 

515.9 

203.58 

1243.7 

1447.3 

0.7951 

4.4715 

5.2666 

10 

615.2 

226.97 

1225.1 

1452.0 

0.8779 

4.3266 

5.2045 

15 

728.6 

250.54 

1205.8 

1456.3 

0.9598 

4.1846 

5.1444 

20 

857.5 

274.30 

1185.9 

1460.2 

1.0408 

4.0452 

5.0860 

25 

1003.2 

298.25 

1165.2 

1463.5 

1.1210 

3.9083 

5.0293 

30 

1167.0 

322.42 

1143.9 

1466.3 

1.2005 

3.7734 

4.9738 

35 

1350.4 

346.80 

1121.8 

1468.6 

1.2792 

3.6403 

4.9196 

40 

1554.9 

371.43 

1098.8 

1470.2 

1.3574 

3.5088 

4.8662 

45 

1782.0 

396.31 

1074.9 

1471.2 

1.4350 

3.3786 

4.8136 

50 

2033.1 

421.48 

1050.0 

1471.5 

1.5121 

3.2493 

4.7614 

55 

2310.1 

446.96 

1024.1 

1471.0 

1.5888 

3.1208 

4.7095 

60 

2614.4 

472.79 

997.0 

1469.7 

1.6652 

2.9925 

4.6577 

65 

2947.8 

499.01 

968.5 

1467.5 

1.7415 

2.8642 

4.6057 

70 

3312.0 

525.69 

938.7 

1464.4 

1.8178 

2.7354 

4.3533 

75 

3709.0 

552.88 

907.2 

1460.1 

1.8943 

2.6058 

4.5001 

80 

4140.5 

580.69 

873.9 

1454.6 

1.9712 

2.4746 

4.4458 

85 

4608.6 

609.21 

838.6 

1447.8 

2.0488 

2.3413 

4.3901 

90 

5115.3 

638.59 

800.8 

1439.4 

2.1273 

2.2051 

4.3325 

95 

5662.9 

668.99 

760.2 

1429.2 

2.2073 

2.0650 

4.2723 

100 

6253.7 

700.64 

716.2 

1416.9 

2.2893 

1.9195 

4.2088 

105 

6890.4 

733.87 

668.1 

1402.0 

2.3740 

1.7667 

4.1407 

110 

7575.7 

769.15 

614.6 

1383.7 

2.4625 

1.6040 

4.0665 

115 

8313.3 

807.21 

553.8 

1361.0 

2.5566 

1.4267 

3.9833 

120 

9107.2 

849.36 

482.3 

1331.7 

2.6593 

1.2268 

3.8861 

125 

9963.5 

898.42 

393.0 

1291.4 

2.7775 

0.9870 

3.7645 

130 

10892 

963.29 

263.7 

1227.0 

2.9326 

0.6540 

3.5866 

132.3 

11333 

1085.85 

0 

1085.9 

3.2316 

0 

3.2316 
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TABLE B.2.2 ( continued ) 

S uperheated A mmonia 


Temp. 

(°C) 

V 

(m 3 /kg) 

u 

(kj /kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



50 kPa (- 

46.53°C) 



100 kPa (- 

33.66 C) 


SaL 

2.1752 

1269.6 

1378.3 

6.0839 

1.1381 

1284.9 

1398.7 

5.8401 

-30 

2.3448 

1296.2 

1413.4 

6.2333 

1.1573 

1291.0 

1406.7 

5.8734 

-20 

2.4463 

1312.3 

1434.6 

6.3187 

1.2101 

1307.8 

1428.8 

5.9626 

-10 

2.5471 

1328.4 

1455.7 

6.4006 

1.2621 

1324.6 

1450.8 

6.0477 

0 

2.6474 

1344.5 

1476.9 

6.4795 

1.3136 

1341.3 

1472.6 

6.1291 

10 

2.7472 

1360.7 

1498.1 

6.5556 

1.3647 

1357.9 

1494.4 

6.2073 

20 

2.8466 

1377.0 

1519.3 

6.6293 

1.4153 

1374.5 

1516.1 

6.2826 

30 

2.9458 

1393.3 

1540.6 

6.7008 

1.4657 

1391.2 

1537.7 

6.3553 

40 

3.0447 

1409.8 

1562.0 

6.7703 

1.5158 

1407.9 

1559.5 

6.4258 

50 

3.1435 

1426.3 

1583.5 

6.8379 

1.5658 

1424.7 

1581.2 

6.4943 

60 

3.2421 

1443.0 

1605.1 

6.9038 

1.6156 

1441.5 

1603.1 

6.5609 

70 

3.3406 

1459.9 

1626.9 

6.9682 

1.6653 

1458.5 

1625.1 

6.6258 

80 

3.4390 

1476.9 

1648.8 

7.0312 

1.7148 

1475.6 

1647.1 

6.6892 

100 

3.6355 

1511.4 

1693.2 

7.1533 

1.8137 

1510.3 

1691.7 

6.8120 

120 

3.8318 

1546.6 

1738.2 

7.2708 

1.9124 

1545.7 

1736.9 

6.9300 

140 

4.0280 

1582.5 

1783.9 

7.3842 

2.0109 

1581.7 

1782.8 

7.0439 

160 

4.2240 

1619.2 

1830.4 

7.4941 

2.1093 

1618.5 

1829.4 

7.1540 

180 

4.4199 

1656.7 

1877.7 

7.6008 

2.2075 

1656.0 

1876.8 

7.2609 

200 

4.6157 

1694.9 

1925.7 

7.7045 

2.3057 

1694.3 

1924.9 

7.3648 



150 kPa (- 

-25.22 C) 



200 kPa (- 

18.86 C) 


SaL 

0.7787 

1294.1 

1410.9 

5.6983 

0.5946 

1300.6 

1419.6 

5.5979 

-20 

0.7977 

1303.3 

1422.9 

5.7465 

— 

— 

— 

— 

-10 

0.8336 

1320.7 

1445.7 

5.8349 

0.6193 

1316.7 

1440.6 

5.6791 

0 

0.8689 

1337.9 

1468.3 

5.9189 

0.6465 

1334.5 

1463.8 

5.7659 

10 

0.9037 

1355.0 

1490.6 

5.9992 

0.6732 

1352.1 

1486.8 

5.8484 

20 

0.9382 

1372.0 

1512.8 

6.0761 

0.6995 

1369.5 

1509.4 

5.9270 

30 

0.9723 

1389.0 

1534.9 

6.1502 

0.7255 

1386.8 

1531.9 

6.0025 

40 

1.0062 

1406.0 

1556.9 

6.2217 

0.7513 

1404.0 

1554.3 

6.0751 

50 

1.0398 

1423.0 

1578.9 

6.2910 

0.7769 

1421.3 

1576.6 

6.1453 

60 

1.0734 

1440.0 

1601.0 

6.3583 

0.8023 

1438.5 

1598.9 

6.2133 

70 

1.1068 

1457.2 

1623.2 

6.4238 

0.8275 

1455.8 

1621.3 

6.2794 

80 

1.1401 

1474.4 

1645.4 

6.4877 

0.8527 

1473.1 

1643.7 

6.3437 

100 

1.2065 

1509.3 

1690.2 

6.6112 

0.9028 

1508.2 

1688.8 

6.4679 

120 

1.2726 

1544.8 

1735.6 

6.7297 

0.9527 

1543.8 

1734.4 

6.5869 

140 

1.3386 

1580.9 

1781.7 

6.8439 

1.0024 

1580.1 

1780.6 

6.7015 

160 

1.4044 

1617.8 

1828.4 

6.9544 

1.0519 

1617.0 

1827.4 

6.8123 

180 

1.4701 

1655.4 

1875.9 

7.0615 

1.1014 

1654.7 

1875.0 

6.9196 

200 

1.5357 

1693.7 

1924.1 

7.1656 

1.1507 

1693.2 

1923.3 

7.0239 

220 

1.6013 

1732.9 

1973.1 

7.2670 

1.2000 

1732.4 

1972.4 

7.1255 
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TABLE B.2.2 ( continued ) 

S uperheated A mmonia 


Temp. 

(°C) 

V 

(m 3 /kg) 

u 

(kj /kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



300 kPa (- 

-9.24°C) 



400 kPa (- 

1.89’C) 


Sat. 

0.40607 

1309.9 

1431.7 

5.4565 

0.30942 

1316.4 

1440.2 

5.3559 

0 

0.42382 

1327.5 

1454.7 

5.5420 

0.31227 

1320.2 

1445.1 

5.3741 

10 

0.44251 

1346.1 

1478.9 

5.6290 

0.32701 

1339.9 

1470.7 

5.4663 

20 

0.46077 

1364.4 

1502.6 

5.7113 

0.34129 

1359.1 

1495.6 

5.5525 

30 

0.47870 

1382.3 

1526.0 

5.7896 

0.35520 

1377.7 

1519.8 

5.6338 

40 

0.49636 

1400.1 

1549.0 

5.8645 

0.36884 

1396.1 

1543.6 

5.7111 

50 

0.51382 

1417.8 

1571.9 

5.9365 

0.38226 

1414.2 

1567.1 

5.7850 

60 

0.53111 

1435.4 

1594.7 

6.0060 

0.39550 

1432.2 

1590.4 

5.8560 

70 

0.54827 

1453.0 

1617.5 

6.0732 

0.40860 

1450.1 

1613.6 

5.9244 

80 

0.56532 

1470.6 

1640.2 

6.1385 

0.42160 

1468.0 

1636.7 

5.9907 

100 

0.59916 

1506.1 

1685.8 

6.2642 

0.44732 

1503.9 

1682.8 

6.1179 

120 

0.63276 

1542.0 

1731.8 

6.3842 

0.47279 

1540.1 

1729.2 

6.2390 

140 

0.66618 

1578.5 

1778.3 

6.4996 

0.49808 

1576.8 

1776.0 

6.3552 

160 

0.69946 

1615.6 

1825.4 

6.6109 

0.52323 

1614.1 

1823.4 

6.4671 

180 

0.73263 

1653.4 

1873.2 

6.7188 

0.54827 

1652.1 

1871.4 

6.5755 

200 

0.76572 

1692.0 

1921.7 

6.8235 

0.57321 

1690.8 

1920.1 

6.6806 

220 

0.79872 

1731.3 

1970.9 

6.9254 

0.59809 

1730.3 

1969.5 

6.7828 

240 

0.83167 

1771.4 

2020.9 

7.0247 

0.62289 

1770.5 

2019.6 

6.8825 

260 

0.86455 

1812.2 

2071.6 

7.1217 

0.64764 

1811.4 

2070.5 

6.9797 



500 kPa (4.13°C) 



600 kPa (9.28C) 


Sat. 

0.25035 

1321.3 

1446.5 

5.2776 

0.21038 

1325.2 

1451.4 

5.2133 

10 

0.25757 

1333.5 

1462.3 

5.3340 

0.21115 

1326.7 

1453.4 

5.2205 

20 

0.26949 

1353.6 

1488.3 

5.4244 

0.22154 

1347.9 

1480.8 

5.3156 

30 

0.28103 

1373.0 

1513.5 

5.5090 

0.23152 

1368.2 

1507.1 

5.4037 

40 

0.29227 

1392.0 

1538.1 

5.5889 

0.24118 

1387.8 

1532.5 

5.4862 

50 

0.30328 

1410.6 

1562.2 

5.6647 

0.25059 

1406.9 

1557.3 

5.5641 

60 

0.31410 

1429.0 

1586.1 

5.7373 

0.25981 

1425.7 

1581.6 

5.6383 

70 

0.32478 

1447.3 

1609.6 

5.8070 

0.26888 

1444.3 

1605.7 

5.7094 

80 

0.33535 

1465.4 

1633.1 

5.8744 

0.27783 

1462.8 

1629.5 

5.7778 

100 

0.35621 

1501.7 

1679.8 

6.0031 

0.29545 

1499.5 

1676.8 

5.9081 

120 

0.37681 

1538.2 

1726.6 

6.1253 

0.31281 

1536.3 

1724.0 

6.0314 

140 

0.39722 

1575.2 

1773.8 

6.2422 

0.32997 

1573.5 

1771.5 

6.1491 

160 

0.41748 

1612.7 

1821.4 

6.3548 

0.34699 

1611.2 

1819.4 

6.2623 

180 

0.43764 

1650.8 

1869.6 

6.4636 

0.36389 

1649.5 

1867.8 

6.3717 

200 

0.45771 

1689.6 

1918.5 

6.5691 

0.38071 

1688.5 

1916.9 

6.4776 

220 

0.47770 

1729.2 

1968.1 

6.6717 

0.39745 

1728.2 

1966.6 

6.5806 

240 

0.49763 

1769.5 

2018.3 

6.7717 

0.41412 

1768.6 

2017.0 

6.6808 

260 

0.51749 

1810.6 

2069.3 

6.8692 

0.43073 

1809.8 

2068.2 

6.7786 
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TABLE B.2.2 ( continued ) 

S uperheated A mmonia 


Temp. 

(°C) 

M 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



800 kPa (17.85C) 



1000 kPa (24.90C) 


Sat. 

0.15958 

1330.9 

1458.6 

5.1110 

0.12852 

1334.9 

1463.4 

5.0304 

20 

0.16138 

1335.8 

1464.9 

5.1328 

— 

— 

— 

— 

30 

0.16947 

1358.0 

1493.5 

5.2287 

0.13206 

1347.1 

1479.1 

5.0826 

40 

0.17720 

1379.0 

1520.8 

5.3171 

0.13868 

1369.8 

1508.5 

5.1778 

50 

0.18465 

1399.3 

1547.0 

5.3996 

0.14499 

1391.3 

1536.3 

5.2654 

60 

0.19189 

1419.0 

1572.5 

5.4774 

0.15106 

1412.1 

1563.1 

5.3471 

70 

0.19896 

1438.3 

1597.5 

5.5513 

0.15695 

1432.2 

1589.1 

5.4240 

80 

0.20590 

1457.4 

1622.1 

5.6219 

0.16270 

1451.9 

1614.6 

5.4971 

100 

0.21949 

1495.0 

1670.6 

5.7555 

0.17389 

1490.5 

1664.3 

5.6342 

120 

0.23280 

1532.5 

1718.7 

5.8811 

0.18477 

1528.6 

1713.4 

5.7622 

140 

0.24590 

1570.1 

1766.9 

6.0006 

0.19545 

1566.8 

1762.2 

5.8834 

160 

0.25886 

1608.2 

1815.3 

6.1150 

0.20597 

1605.2 

1811.2 

5.9992 

180 

0.27170 

1646.8 

1864.2 

6.2254 

0.21638 

1644.2 

1860.5 

6.1105 

200 

0.28445 

1686.1 

1913.6 

6.3322 

0.22669 

1683.7 

1910.4 

6.2182 

220 

0.29712 

1726.0 

1963.7 

6.4358 

0.23693 

1723.9 

1960.8 

6.3226 

240 

0.30973 

1766.7 

2014.5 

6.5367 

0.24710 

1764.8 

2011.9 

6.4241 

260 

0.32228 

1808.1 

2065.9 

6.6350 

0.25720 

1806.4 

2063.6 

6.5229 

280 

0.33477 

1850.2 

2118.0 

6.7310 

0.26726 

1848.8 

2116.0 

6.6194 

300 

0.34722 

1893.1 

2170.9 

6.8248 

0.27726 

1891.8 

2169.1 

6.7137 



1200 kPa (30.94=0 



1400 kPa (36.26’C) 


Sat. 

0.10751 

1337.8 

1466.8 

4.9635 

0.09231 

1339.8 

1469.0 

4.9060 

40 

0.11287 

1360.0 

1495.4 

5.0564 

0.09432 

1349.5 

1481.6 

4.9463 

50 

0.11846 

1383.0 

1525.1 

5.1497 

0.09942 

1374.2 

1513.4 

5.0462 

60 

0.12378 

1404.8 

1553.3 

5.2357 

0.10423 

1397.2 

1543.1 

5.1370 

70 

0.12890 

1425.8 

1580.5 

5.3159 

0.10882 

1419.2 

1571.5 

5.2209 

80 

0.13387 

1446.2 

1606.8 

5.3916 

0.11324 

1440.3 

1598.8 

5.2994 

100 

0.14347 

1485.8 

1658.0 

5.5325 

0.12172 

1481.0 

1651.4 

5.4443 

120 

0.15275 

1524.7 

1708.0 

5.6631 

0.12986 

1520.7 

1702.5 

5.5775 

140 

0.16181 

1563.3 

1757.5 

5.7860 

0.13777 

1559.9 

1752.8 

5.7023 

160 

0.17071 

1602.2 

1807.1 

5.9031 

0.14552 

1599.2 

1802.9 

5.8208 

180 

0.17950 

1641.5 

1856.9 

6.0156 

0.15315 

1638.8 

1853.2 

5.9343 

200 

0.18819 

1681.3 

1907.1 

6.1241 

0.16068 

1678.9 

1903.8 

6.0437 

220 

0.19680 

1721.8 

1957.9 

6.2292 

0.16813 

1719.6 

1955.0 

6.1495 

240 

0.20534 

1762.9 

2009.3 

6.3313 

0.17551 

1761.0 

2006.7 

6.2523 

260 

0.21382 

1804.7 

2061.3 

6.4308 

0.18283 

1803.0 

2059.0 

6.3523 

280 

0.22225 

1847.3 

2114.0 

6.5278 

0.19010 

1845.8 

2111.9 

6.4498 

300 

0.23063 

1890.6 

2167.3 

6.6225 

0.19732 

1889.3 

2165.5 

6.5450 

320 

0.23897 

1934.6 

2221.3 

6.7151 

0.20450 

1933.5 

2219.8 

6.6380 
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TABLE B.2.2 ( continued ) 

S uperheated A mmonia 


Temp. 

(°C) 

V 

(m 3 /kg) 

u 

(kj /kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



1600 kPa (41.03 C) 



2000 kPa (49.37°C) 


Sat. 

0.08079 

1341.2 

1470.5 

4.8553 

0.06444 

1342.6 

1471.5 

4.7680 

50 

0.08506 

1364.9 

1501.0 

4.9510 

0.06471 

1344.5 

1473.9 

4.7754 

60 

0.08951 

1389.3 

1532.5 

5.0472 

0.06875 

1372.3 

1509.8 

4.8848 

70 

0.09372 

1412.3 

1562.3 

5.1351 

0.07246 

1397.8 

1542.7 

4.9821 

80 

0.09774 

1434.3 

1590.6 

5.2167 

0.07595 

1421.6 

1573.5 

5.0707 

100 

0.10539 

1476.2 

1644.8 

5.3659 

0.08248 

1466.1 

1631.1 

5.2294 

120 

0.11268 

1516.6 

1696.9 

5.5018 

0.08861 

1508.3 

1685.5 

5.3714 

140 

0.11974 

1556.4 

1748.0 

5.6286 

0.09447 

1549.3 

1738.2 

5.5022 

160 

0.12662 

1596.1 

1798.7 

5.7485 

0.10016 

1589.9 

1790.2 

5.6251 

180 

0.13339 

1636.1 

1849.5 

5.8631 

0.10571 

1630.6 

1842.0 

5.7420 

200 

0.14005 

1676.5 

1900.5 

5.9734 

0.11116 

1671.6 

1893.9 

5.8540 

220 

0.14663 

1717.4 

1952.0 

6.0800 

0.11652 

1713.1 

1946.1 

5.9621 

240 

0.15314 

1759.0 

2004.1 

6.1834 

0.12182 

1755.2 

1998.8 

6.0668 

260 

0.15959 

1801.3 

2056.7 

6.2839 

0.12705 

1797.9 

2052.0 

6.1685 

280 

0.16599 

1844.3 

2109.9 

6.3819 

0.13224 

1841.3 

2105.8 

6.2675 

300 

0.17234 

1888.0 

2163.7 

6.4775 

0.13737 

1885.4 

2160.1 

6.3641 

320 

0.17865 

1932.4 

2218.2 

6.5710 

0.14246 

1930.2 

2215.1 

6.4583 

340 

0.18492 

1977.5 

2273.4 

6.6624 

0.14751 

1975.6 

2270.7 

6.5505 

360 

0.19115 

2023.3 

2329.1 

6.7519 

0.15253 

2021.8 

2326.8 

6.6406 



5000 kPa (88.90-0 



10000 kPa (125.20 3 C) 


Sat. 

0.02365 

1323.2 

1441.4 

4.3454 

0.00826 

1206.8 

1289.4 

3.7587 

100 

0.02636 

1369.7 

1501.5 

4.5091 

— 

— 

— 

— 

120 

0.03024 

1435.1 

1586.3 

4.7306 

— 

— 

— 

— 

140 

0.03350 

1489.8 

1657.3 

4.9068 

0.01195 

1341.8 

1461.3 

4.1839 

160 

0.03643 

1539.5 

1721.7 

5.0591 

0.01461 

1432.2 

1578.3 

4.4610 

180 

0.03916 

1586.9 

1782.7 

5.1968 

0.01666 

1500.6 

1667.2 

4.6617 

200 

0.04174 

1633.1 

1841.8 

5.3245 

0.01842 

1560.3 

1744.5 

4.8287 

220 

0.04422 

1678.9 

1900.0 

5.4450 

0.02001 

1615.8 

1816.0 

4.9767 

240 

0.04662 

1724.8 

1957.9 

5.5600 

0.02150 

1669.2 

1884.2 

5.1123 

260 

0.04895 

1770.9 

2015.6 

5.6704 

0.02290 

1721.6 

1950.6 

5.2392 

280 

0.05123 

1817.4 

2073.6 

5.7771 

0.02424 

1773.6 

2015.9 

5.3596 

300 

0.05346 

1864.5 

2131.8 

5.8805 

0.02552 

1825.5 

2080.7 

5.4746 

320 

0.05565 

1912.1 

2190.3 

5.9809 

0.02676 

1877.6 

2145.2 

5.5852 

340 

0.05779 

1960.3 

2249.2 

6.0786 

0.02796 

1930.0 

2209.6 

5.6921 

360 

0.05990 

2009.1 

2308.6 

6.1738 

0.02913 

1982.8 

2274.1 

5.7955 

380 

0.06198 

2058.5 

2368.4 

6.2668 

0.03026 

2036.1 

2338.7 

5.8960 

400 

0.06403 

2108.4 

2428.6 

6.3576 

0.03137 

2089.8 

2403.5 

5.9937 

420 

0.06606 

2159.0 

2489.3 

6.4464 

0.03245 

2143.9 

2468.5 

6.0888 

440 

0.06806 

2210.1 

2550.4 

6.5334 

0.03351 

2198.5 

2533.7 

6.1815 
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TABLE B.3 

Thermodynamic Properties of Carbon Dioxide 


TABLE B.3.1 

Saturated Carbon Dioxide 


Temp. 

(°C) 

Press. 

(kPa) 

Specific Volume, m 3 /kg 

1 nternal E nergy, kj /kg 

Sat. Liquid 

Vf 

Evap. 

Ufg 

Sat. Vapor 

Mg 

Sat. Liquid 

Uf 

Evap. 

Ufg 

Sat. Vapor 

Ug 

-50.0 

682.3 

0.000866 

0.05492 

0.05579 

-20.55 

302.26 

281.71 

-48 

739.5 

0.000872 

0.05075 

0.05162 

-16.64 

298.86 

282.21 

-46 

800.2 

0.000878 

0.04694 

0.04782 

-12.72 

295.42 

282.69 

-44 

864.4 

0.000883 

0.04347 

0.04435 

-8.80 

291.94 

283.15 

-42 

932.5 

0.000889 

0.04029 

0.04118 

-4.85 

288.42 

283.57 

-40 

1004.5 

0.000896 

0.03739 

0.03828 

-0.90 

284.86 

283.96 

-38 

1080.5 

0.000902 

0.03472 

0.03562 

3.07 

281.26 

284.33 

-36 

1160.7 

0.000909 

0.03227 

0.03318 

7.05 

277.60 

284.66 

-34 

1245.2 

0.000915 

0.03002 

0.03093 

11.05 

273.90 

284.95 

-32 

1334.2 

0.000922 

0.02794 

0.02886 

15.07 

270.14 

285.21 

-30 

1427.8 

0.000930 

0.02603 

0.02696 

19.11 

266.32 

285.43 

-28 

1526.1 

0.000937 

0.02425 

0.02519 

23.17 

262.45 

285.61 

-26 

1629.3 

0.000945 

0.02261 

0.02356 

27.25 

258.51 

285.75 

-24 

1737.5 

0.000953 

0.02110 

0.02205 

31.35 

254.50 

285.85 

-22 

1850.9 

0.000961 

0.01968 

0.02065 

35.48 

250.41 

285.89 

-20 

1969.6 

0.000969 

0.01837 

0.01934 

39.64 

246.25 

285.89 

-18 

2093.8 

0.000978 

0.01715 

0.01813 

43.82 

242.01 

285.84 

-16 

2223.7 

0.000987 

0.01601 

0.01700 

48.04 

237.68 

285.73 

-14 

2359.3 

0.000997 

0.01495 

0.01595 

52.30 

233.26 

285.56 

-12 

2501.0 

0.001007 

0.01396 

0.01497 

56.59 

228.73 

285.32 

-10 

2648.7 

0.001017 

0.01303 

0.01405 

60.92 

224.10 

285.02 

-8 

2802.7 

0.001028 

0.01216 

0.01319 

65.30 

219.35 

284.65 

-6 

2963.2 

0.001040 

0.01134 

0.01238 

69.73 

214.47 

284.20 

-4 

3130.3 

0.001052 

0.01057 

0.01162 

74.20 

209.46 

283.66 

-2 

3304.2 

0.001065 

0.00985 

0.01091 

78.74 

204.29 

283.03 

0 

3485.1 

0.001078 

0.00916 

0.01024 

83.34 

198.96 

282.30 

2 

3673.3 

0.001093 

0.00852 

0.00961 

88.01 

193.44 

281.46 

4 

3868.8 

0.001108 

0.00790 

0.00901 

92.76 

187.73 

280.49 

6 

4072.0 

0.001124 

0.00732 

0.00845 

97.60 

181.78 

279.38 

8 

4283.1 

0.001142 

0.00677 

0.00791 

102.54 

175.57 

278.11 

10 

4502.2 

0.001161 

0.00624 

0.00740 

107.60 

169.07 

276.67 

12 

4729.7 

0.001182 

0.00573 

0.00691 

112.79 

162.23 

275.02 

14 

4965.8 

0.001205 

0.00524 

0.00645 

118.14 

154.99 

273.13 

16 

5210.8 

0.001231 

0.00477 

0.00600 

123.69 

147.26 

270.95 

18 

5465.1 

0.001260 

0.00431 

0.00557 

129.48 

138.95 

268.43 

20 

5729.1 

0.001293 

0.00386 

0.00515 

135.56 

129.90 

265.46 

22 

6003.1 

0.001332 

0.00341 

0.00474 

142.03 

119.89 

261.92 

24 

6287.7 

0.001379 

0.00295 

0.00433 

149.04 

108.55 

257.59 

26 

6583.7 

0.001440 

0.00247 

0.00391 

156.88 

95.20 

252.07 

28 

6891.8 

0.001526 

0.00193 

0.00346 

166.20 

78.26 

244.46 

30 

7213.7 

0.001685 

0.00121 

0.00290 

179.49 

51.83 

231.32 

31.0 

7377.3 

0.002139 

0.0 

0.00214 

203.56 

0.0 

203.56 
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TABLE B . 3.1 ( continued ) 

Saturated Carbon Dioxide 


Temp. 

(°C) 

Press. 

(kPa) 


E nthalpy, kj /kg 

E ntropy, kj /kg-K 

Sat. Liquid 

hf 

Evap. 

hfg 

Sat. Vapor 
hg 

Sat. Liquid 

Sf 

Evap. 

Sfg 

Sat. Vapor 

s g 

- 50.0 

682.3 

- 19.96 

339.73 

319.77 

- 0.0863 

1.5224 

1.4362 

-48 

739.5 

- 16.00 

336.38 

320.38 

- 0.0688 

1.4940 

1.4252 

-46 

800.2 

- 12.02 

332.98 

320.96 

- 0.0515 

1.4659 

1.4144 

-44 

864.4 

- 8.03 

329.52 

321.49 

- 0.0342 

1.4380 

1.4038 

-42 

932.5 

- 4.02 

326.00 

321.97 

- 0.0171 

1.4103 

1.3933 

-40 

1004.5 

0.00 

322.42 

322.42 

0.0000 

1.3829 

1.3829 

-38 

1080.5 

4.04 

318.78 

322.82 

0.0170 

1.3556 

1.3726 

-36 

1160.7 

8.11 

315.06 

323.17 

0.0339 

1.3285 

1.3624 

-34 

1245.2 

12.19 

311.28 

323.47 

0.0507 

1.3016 

1.3523 

-32 

1334.2 

16.30 

307.42 

323.72 

0.0675 

1.2748 

1.3423 

-30 

1427.8 

20.43 

303.48 

323.92 

0.0842 

1.2481 

1.3323 

-28 

1526.1 

24.60 

299.46 

324.06 

0.1009 

1.2215 

1.3224 

-26 

1629.3 

28.78 

295.35 

324.14 

0.1175 

1.1950 

1.3125 

-24 

1737.5 

33.00 

291.15 

324.15 

0.1341 

1.1686 

1.3026 

-22 

1850.9 

37.26 

286.85 

324.11 

0.1506 

1.1421 

1.2928 

-20 

1969.6 

41.55 

282.44 

323.99 

0.1672 

1.1157 

1.2829 

-18 

2093.8 

45.87 

277.93 

323.80 

0.1837 

1.0893 

1.2730 

-16 

2223.7 

50.24 

273.30 

323.53 

0.2003 

1.0628 

1.2631 

-14 

2359.3 

54.65 

268.54 

323.19 

0.2169 

1.0362 

1.2531 

-12 

2501.0 

59.11 

263.65 

322.76 

0.2334 

1.0096 

1.2430 

-10 

2648.7 

63.62 

258.61 

322.23 

0.2501 

0.9828 

1.2328 

-8 

2802.7 

68.18 

253.43 

321.61 

0.2668 

0.9558 

1.2226 

-6 

2963.2 

72.81 

248.08 

320.89 

0.2835 

0.9286 

1.2121 

-4 

3130.3 

77.50 

242.55 

320.05 

0.3003 

0.9012 

1.2015 

-2 

3304.2 

82.26 

236.83 

319.09 

0.3173 

0.8734 

1.1907 

0 

3485.1 

87.10 

230.89 

317.99 

0.3344 

0.8453 

1.1797 

2 

3673.3 

92.02 

224.73 

316.75 

0.3516 

0.8167 

1.1683 

4 

3868.8 

97.05 

218.30 

315.35 

0.3690 

0.7877 

1.1567 

6 

4072.0 

102.18 

211.59 

313.77 

0.3866 

0.7580 

1.1446 

8 

4283.1 

107.43 

204.56 

311.99 

0.4045 

0.7276 

1.1321 

10 

4502.2 

112.83 

197.15 

309.98 

0.4228 

0.6963 

1.1190 

12 

4729.7 

118.38 

189.33 

307.72 

0.4414 

0.6640 

1.1053 

14 

4965.8 

124.13 

181.02 

305.15 

0.4605 

0.6304 

1.0909 

16 

5210.8 

130.11 

172.12 

302.22 

0.4802 

0.5952 

1.0754 

18 

5465.1 

136.36 

162.50 

298.86 

0.5006 

0.5581 

1.0588 

20 

5729.1 

142.97 

152.00 

294.96 

0.5221 

0.5185 

1.0406 

22 

6003.1 

150.02 

140.34 

290.36 

0.5449 

0.4755 

1.0203 

24 

6287.7 

157.71 

127.09 

284.80 

0.5695 

0.4277 

0.9972 

26 

6583.7 

166.36 

111.45 

277.80 

0.5971 

0.3726 

0.9697 

28 

6891.8 

176.72 

91.58 

268.30 

0.6301 

0.3041 

0.9342 

30 

7213.7 

191.65 

60.58 

252.23 

0.6778 

0.1998 

0.8776 

31.0 

7377.3 

219.34 

0.0 

219.34 

0.7680 

0.0 

0.7680 
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TABLE B.3.2 

S uperheated C arbon D ioxide 


Temp. 

(°C) 

V 

(m 3 /kg) 

u 

(kj /kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



400 kPa (NA) 



8 

I 

T 

46.00C) 


SaL 

— 

— 

— 

— 

0.04783 

282.69 

320.95 

1.4145 

-40 

0.10499 

292.46 

334.46 

1.5947 

0.04966 

287.05 

326.78 

1.4398 

-20 

0.11538 

305.30 

351.46 

1.6646 

0.05546 

301.13 

345.49 

1.5168 

0 

0.12552 

318.31 

368.51 

1.7295 

0.06094 

314.92 

363.67 

1.5859 

20 

0.13551 

331.57 

385.77 

1.7904 

0.06623 

328.73 

381.72 

1.6497 

40 

0.14538 

345.14 

403.29 

1.8482 

0.07140 

342.70 

399.82 

1.7094 

60 

0.15518 

359.03 

421.10 

1.9033 

0.07648 

356.90 

418.09 

1.7660 

80 

0.16491 

373.25 

439.21 

1.9561 

0.08150 

371.37 

436.57 

1.8199 

100 

0.17460 

387.80 

457.64 

2.0069 

0.08647 

386.11 

455.29 

1.8714 

120 

0.18425 

402.67 

476.37 

2.0558 

0.09141 

401.15 

474.27 

1.9210 

140 

0.19388 

417.86 

495.41 

2.1030 

0.09631 

416.47 

493.52 

1.9687 

160 

0.20348 

433.35 

514.74 

2.1487 

0.10119 

432.07 

513.03 

2.0148 

180 

0.21307 

449.13 

534.36 

2.1930 

0.10606 

447.95 

532.80 

2.0594 

200 

0.22264 

465.20 

554.26 

2.2359 

0.11090 

464.11 

552.83 

2.1027 

220 

0.23219 

481.55 

574.42 

2.2777 

0.11573 

480.52 

573.11 

2.1447 

240 

0.24173 

498.16 

594.85 

2.3183 

0.12056 

497.20 

593.64 

2.1855 

260 

0.25127 

515.02 

615.53 

2.3578 

0.12537 

514.12 

614.41 

2.2252 



1000 kPa (- 

-40.12= C) 



1400 kPa (- 

-30.58C) 


SaL 

0.03845 

283.94 

322.39 

1.3835 

0.02750 

285.37 

323.87 

1.3352 

-20 

0.04342 

298.89 

342.31 

1.4655 

0.02957 

294.04 

335.44 

1.3819 

0 

0.04799 

313.15 

361.14 

1.5371 

0.03315 

309.42 

355.83 

1.4595 

20 

0.05236 

327.27 

379.63 

1.6025 

0.03648 

324.23 

375.30 

1.5283 

40 

0.05660 

341.46 

398.05 

1.6633 

0.03966 

338.90 

394.42 

1.5914 

60 

0.06074 

355.82 

416.56 

1.7206 

0.04274 

353.62 

413.45 

1.6503 

80 

0.06482 

370.42 

435.23 

1.7750 

0.04575 

368.48 

432.52 

1.7059 

100 

0.06885 

385.26 

454.11 

1.8270 

0.04870 

383.54 

451.72 

1.7588 

120 

0.07284 

400.38 

473.22 

1.8768 

0.05161 

398.83 

471.09 

1.8093 

140 

0.07680 

415.77 

492.57 

1.9249 

0.05450 

414.36 

490.66 

1.8579 

160 

0.08074 

431.43 

512.17 

1.9712 

0.05736 

430.14 

510.44 

1.9046 

180 

0.08465 

447.36 

532.02 

2.0160 

0.06020 

446.17 

530.45 

1.9498 

200 

0.08856 

463.56 

552.11 

2.0594 

0.06302 

462.45 

550.68 

1.9935 

220 

0.09244 

480.01 

572.46 

2.1015 

0.06583 

478.98 

571.14 

2.0358 

240 

0.09632 

496.72 

593.04 

2.1424 

0.06863 

495.76 

591.83 

2.0770 

260 

0.10019 

513.67 

613.86 

2.1822 

0.07141 

512.77 

612.74 

2.1169 

280 

0.10405 

530.86 

634.90 

2.2209 

0.07419 

530.01 

633.88 

2.1558 
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table B.3.2 ( continued ) 

Superheated Carbon Dioxide 


Temp. 

(°C) 

M 

(m 3 /kg) 

u 

(kj /kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



2000 kPa (- 

19.50= C) 



3000 kPa (- 

-5.55°C) 


Sat. 

0.01903 

285.88 

323.95 

1.2804 

0.01221 

284.09 

320.71 

1.2098 

0 

0.02193 

303.24 

347.09 

1.3684 

0.01293 

290.52 

329.32 

1.2416 

20 

0.02453 

319.37 

368.42 

1.4438 

0.01512 

310.21 

355.56 

1.3344 

40 

0.02693 

334.88 

388.75 

1.5109 

0.01698 

327.61 

378.55 

1.4104 

60 

0.02922 

350.19 

408.64 

1.5725 

0.01868 

344.14 

400.19 

1.4773 

80 

0.03143 

365.49 

428.36 

1.6300 

0.02029 

360.30 

421.16 

1.5385 

100 

0.03359 

380.90 

448.07 

1.6843 

0.02182 

376.35 

441.82 

1.5954 

120 

0.03570 

396.46 

467.85 

1.7359 

0.02331 

392.42 

462.35 

1.6490 

140 

0.03777 

412.22 

487.76 

1.7853 

0.02477 

408.57 

482.87 

1.6999 

160 

0.03982 

428.18 

507.83 

1.8327 

0.02619 

424.87 

503.44 

1.7485 

180 

0.04186 

444.37 

528.08 

1.8784 

0.02759 

441.34 

524.12 

1.7952 

200 

0.04387 

460.79 

548.53 

1.9226 

0.02898 

457.99 

544.92 

1.8401 

220 

0.04587 

477.43 

569.17 

1.9653 

0.03035 

474.83 

565.88 

1.8835 

240 

0.04786 

494.31 

590.02 

2.0068 

0.03171 

491.88 

587.01 

1.9255 

260 

0.04983 

511.41 

611.08 

2.0470 

0.03306 

509.13 

608.30 

1.9662 

280 

0.05180 

528.73 

632.34 

2.0862 

0.03440 

526.59 

629.78 

2.0057 

300 

0.05377 

546.26 

653.80 

2.1243 

0.03573 

544.25 

651.43 

2.0442 



6000 kPa (21.98=0 



10 000 kPa 


Sat. 

0.00474 

261.97 

290.42 

1.0206 

— 

— 

— 

— 

20 

— 

— 

— 

— 

0.00117 

118.12 

129.80 

0.4594 

40 

0.00670 

298.62 

338.82 

1.1806 

0.00159 

184.23 

200.14 

0.6906 

60 

0.00801 

322.51 

370.54 

1.2789 

0.00345 

277.63 

312.11 

1.0389 

80 

0.00908 

342.74 

397.21 

1.3567 

0.00451 

312.82 

357.95 

1.1728 

100 

0.01004 

361.47 

421.69 

1.4241 

0.00530 

338.20 

391.24 

1.2646 

120 

0.01092 

379.47 

445.02 

1.4850 

0.00598 

360.19 

419.96 

1.3396 

140 

0.01176 

397.10 

467.68 

1.5413 

0.00658 

380.54 

446.38 

1.4051 

160 

0.01257 

414.56 

489.97 

1.5939 

0.00715 

399.99 

471.46 

1.4644 

180 

0.01335 

431.97 

512.06 

1.6438 

0.00768 

418.94 

495.73 

1.5192 

200 

0.01411 

449.40 

534.04 

1.6913 

0.00819 

437.61 

519.49 

1.5705 

220 

0.01485 

466.91 

556.01 

1.7367 

0.00868 

456.12 

542.91 

1.6190 

240 

0.01558 

484.52 

578.00 

1.7804 

0.00916 

474.58 

566.14 

1.6652 

260 

0.01630 

502.27 

600.05 

1.8226 

0.00962 

493.03 

589.26 

1.7094 

280 

0.01701 

520.15 

622.19 

1.8634 

0.01008 

511.53 

612.32 

1.7518 

300 

0.01771 

538.18 

644.44 

1.9029 

0.01053 

530.11 

635.37 

1.7928 

320 

0.01840 

556.37 

666.80 

1.9412 

0.01097 

548.77 

658.46 

1.8324 
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TABLE B.4 

T hemodynamic Properties of R -410a 

TABLE B.4.1 

Saturated R-410a 


Temp. 

(C) 

Press. 

(kPa) 

Specific Volume, m 3 /kg 

1 nternal E nergy, kj /kg 

Sat. Liquid 

Vf 

Evap. 

Vfg 

Sat. Vapor 

Mg 

Sat. Liquid 

Uf 

Evap. 

Ufg 

Sat. Vapor 

Ug 

-60 

64.1 

0.000727 

0.36772 

0.36845 

- 27.50 

256.41 

228.91 

-55 

84.0 

0.000735 

0.28484 

0.28558 

- 20.70 

251.89 

231.19 

- 51.4 

101.3 

0.000741 

0.23875 

0.23949 

- 15.78 

248.59 

232.81 

-50 

108.7 

0.000743 

0.22344 

0.22418 

- 13.88 

247.31 

233.43 

-45 

138.8 

0.000752 

0.17729 

0.17804 

- 7.02 

242.67 

235.64 

-40 

175.0 

0.000762 

0.14215 

0.14291 

- 0.13 

237.95 

237.81 

-35 

218.4 

0.000771 

0.11505 

0.11582 

6.80 

233.14 

239.94 

-30 

269.6 

0.000781 

0.09392 

0.09470 

13.78 

228.23 

242.01 

-25 

329.7 

0.000792 

0.07726 

0.07805 

20.82 

223.21 

244.03 

-20 

399.6 

0.000803 

0.06400 

0.06480 

27.92 

218.07 

245.99 

-15 

480.4 

0.000815 

0.05334 

0.05416 

35.08 

212.79 

247.88 

-10 

573.1 

0.000827 

0.04470 

0.04553 

42.32 

207.36 

249.69 

-5 

678.9 

0.000841 

0.03764 

0.03848 

49.65 

201.75 

251.41 

0 

798.7 

0.000855 

0.03182 

0.03267 

57.07 

195.95 

253.02 

5 

933.9 

0.000870 

0.02699 

0.02786 

64.60 

189.93 

254.53 

10 

1085.7 

0.000886 

0.02295 

0.02383 

72.24 

183.66 

255.90 

15 

1255.4 

0.000904 

0.01955 

0.02045 

80.02 

177.10 

257.12 

20 

1444.2 

0.000923 

0.01666 

0.01758 

87.94 

170.21 

258.16 

25 

1653.6 

0.000944 

0.01420 

0.01514 

96.03 

162.95 

258.98 

30 

1885.1 

0.000968 

0.01208 

0.01305 

104.32 

155.24 

259.56 

35 

2140.2 

0.000995 

0.01025 

0.01124 

112.83 

147.00 

259.83 

40 

2420.7 

0.001025 

0.00865 

0.00967 

121.61 

138.11 

259.72 

45 

2728.3 

0.001060 

0.00723 

0.00829 

130.72 

128.41 

259.13 

50 

3065.2 

0.001103 

0.00597 

0.00707 

140.27 

117.63 

257.90 

55 

3433.7 

0.001156 

0.00482 

0.00598 

150.44 

105.34 

255.78 

60 

3836.9 

0.001227 

0.00374 

0.00497 

161.57 

90.70 

252.27 

65 

4278.3 

0.001338 

0.00265 

0.00399 

174.59 

71.59 

246.19 

70 

4763.1 

0.001619 

0.00124 

0.00286 

194.53 

37.47 

232.01 

71.3 

4901.2 

0 

0.00000 

0.00218 

215.78 

0 

215.78 
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TABLE B.4.1 ( continued ) 

Saturated R -410a 


Temp. 

(°C) 

Press. 

(kPa) 


E nthalpy, kj /kg 

E ntropy, kj /kg-K 

Sat. Liquid 

hf 

Evap. 

hfg 

Sat. Vapor 
hg 

Sat. Liquid 

Sf 

Evap. 

Sfg 

Sat. Vapor 

Sg 

—60 

64.1 

-27.45 

279.96 

252.51 

-0.1227 

1.3135 

1.1907 

-55 

84.0 

-20.64 

275.83 

255.19 

-0.0912 

1.2644 

1.1732 

-51.4 

101.3 

-15.70 

272.78 

257.08 

-0.0688 

1.2301 

1.1613 

-50 

108.7 

-13.80 

271.60 

257.80 

-0.0603 

1.2171 

1.1568 

-45 

138.8 

-6.92 

267.27 

260.35 

-0.0299 

1.1715 

1.1416 

-40 

175.0 

0.00 

262.83 

262.83 

0.0000 

1.1273 

1.1273 

-35 

218.4 

6.97 

258.26 

265.23 

0.0294 

1.0844 

1.1139 

-30 

269.6 

13.99 

253.55 

267.54 

0.0585 

1.0428 

1.1012 

-25 

329.7 

21.08 

248.69 

269.77 

0.0871 

1.0022 

1.0893 

-20 

399.6 

28.24 

243.65 

271.89 

0.1154 

0.9625 

1.0779 

-15 

480.4 

35.47 

238.42 

273.90 

0.1435 

0.9236 

1.0671 

-10 

573.1 

42.80 

232.98 

275.78 

0.1713 

0.8854 

1.0567 

-5 

678.9 

50.22 

227.31 

277.53 

0.1989 

0.8477 

1.0466 

0 

798.7 

57.76 

221.37 

279.12 

0.2264 

0.8104 

1.0368 

5 

933.9 

65.41 

215.13 

280.55 

0.2537 

0.7734 

1.0272 

10 

1085.7 

73.21 

208.57 

281.78 

0.2810 

0.7366 

1.0176 

15 

1255.4 

81.15 

201.64 

282.79 

0.3083 

0.6998 

1.0081 

20 

1444.2 

89.27 

194.28 

283.55 

0.3357 

0.6627 

0.9984 

25 

1653.6 

97.59 

186.43 

284.02 

0.3631 

0.6253 

0.9884 

30 

1885.1 

106.14 

178.02 

284.16 

0.3908 

0.5872 

0.9781 

35 

2140.2 

114.95 

168.94 

283.89 

0.4189 

0.5482 

0.9671 

40 

2420.7 

124.09 

159.04 

283.13 

0.4473 

0.5079 

0.9552 

45 

2728.3 

133.61 

148.14 

281.76 

0.4765 

0.4656 

0.9421 

50 

3065.2 

143.65 

135.93 

279.58 

0.5067 

0.4206 

0.9273 

55 

3433.7 

154.41 

121.89 

276.30 

0.5384 

0.3715 

0.9099 

60 

3836.9 

166.28 

105.04 

271.33 

0.5729 

0.3153 

0.8882 

65 

4278.3 

180.32 

82.95 

263.26 

0.6130 

0.2453 

0.8583 

70 

4763.1 

202.24 

43.40 

245.64 

0.6752 

0.1265 

0.8017 

71.3 

4901.2 

226.46 

0 

226.46 

0.7449 

0 

0.7449 
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TABLE B.4.2 

Superheated R-410a 


Temp. 

(°C) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



50 kPa (- 

64.34 C) 



100 kPa (- 

51.65°C) 


SaL 

0.46484 

226.90 

250.15 

1.2070 

0.24247 

232.70 

256.94 

1.1621 

-60 

0.47585 

229.60 

253.40 

1.2225 

— 

— 

— 

— 

-40 

0.52508 

241.94 

268.20 

1.2888 

0.25778 

240.40 

266.18 

1.2027 

-20 

0.57295 

254.51 

283.16 

1.3504 

0.28289 

253.44 

281.73 

1.2667 

0 

0.62016 

267.52 

298.53 

1.4088 

0.30723 

266.72 

297.44 

1.3265 

20 

0.66698 

281.05 

314.40 

1.4649 

0.33116 

280.42 

313.54 

1.3833 

40 

0.71355 

295.15 

330.83 

1.5191 

0.35483 

294.64 

330.12 

1.4380 

60 

0.75995 

309.84 

347.83 

1.5717 

0.37833 

309.40 

347.24 

1.4910 

80 

0.80623 

325.11 

365.43 

1.6230 

0.40171 

324.75 

364.92 

1.5425 

100 

0.85243 

340.99 

383.61 

1.6731 

0.42500 

340.67 

383.17 

1.5928 

120 

0.89857 

357.46 

402.38 

1.7221 

0.44822 

357.17 

401.99 

1.6419 

140 

0.94465 

374.50 

421.74 

1.7701 

0.47140 

374.25 

421.39 

1.6901 

160 

0.99070 

392.12 

441.65 

1.8171 

0.49453 

391.89 

441.34 

1.7372 

180 

1.03671 

410.28 

462.12 

1.8633 

0.51764 

410.07 

461.84 

1.7835 

200 

1.08270 

428.98 

483.11 

1.9087 

0.54072 

428.79 

482.86 

1.8289 

220 

1.12867 

448.19 

504.63 

1.9532 

0.56378 

448.02 

504.40 

1.8734 

240 

1.17462 

467.90 

526.63 

1.9969 

0.58682 

467.74 

526.42 

1.9172 



150 kPa (- 

-43.35°C) 



200 kPa (- 

37.0rC) 


SaL 

0.16540 

236.36 

261.17 

1.1368 

0.12591 

239.09 

264.27 

1.1192 

-40 

0.16851 

238.72 

263.99 

1.1489 

— 

— 

— 

— 

-20 

0.18613 

252.34 

280.26 

1.2159 

0.13771 

251.18 

278.72 

1.1783 

0 

0.20289 

265.90 

296.33 

1.2770 

0.15070 

265.06 

295.20 

1.2410 

20 

0.21921 

279.78 

312.66 

1.3347 

0.16322 

279. 13 

311.78 

1.2995 

40 

0.23525 

294.12 

329.40 

1.3899 

0.17545 

293.59 

328.68 

1.3553 

60 

0.25112 

308.97 

346.64 

1.4433 

0.18750 

308.53 

346.03 

1.4090 

80 

0.26686 

324.37 

364.40 

1.4950 

0.19943 

324.00 

363.89 

1.4610 

100 

0.28251 

340.35 

382.72 

1.5455 

0.21127 

340.02 

382.28 

1.5117 

120 

0.29810 

356.89 

401.60 

1.5948 

0.22305 

356.60 

401.21 

1.5611 

140 

0.31364 

374.00 

421.04 

1.6430 

0.23477 

373.74 

420.70 

1.6094 

160 

0.32915 

391.66 

441.03 

1.6902 

0.24645 

391.43 

440.72 

1.6568 

180 

0.34462 

409.87 

461.56 

1.7366 

0.25810 

409.66 

461.28 

1.7032 

200 

0.36006 

428.60 

482.61 

1.7820 

0.26973 

428.41 

482.35 

1.7487 

220 

0.37548 

447.84 

504.16 

1.8266 

0.28134 

447.67 

503.93 

1.7933 

240 

0.39089 

467.58 

526.21 

1.8705 

0.29293 

467.41 

526.00 

1.8372 

260 

0.40628 

487.78 

548.73 

1.9135 

0.30450 

487.63 

548.53 

1.8803 
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TABLE B.4.2 ( continued ) 

Superheated R -410a 


Temp. 

(°C) 

V 

(m 3 /kg) 

u 

(kj /kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



300 kPa (- 

27.37'C) 



400 kPa (- 

19.98C) 


Sat 

0.08548 

243.08 

268.72 

1.0949 

0.06475 

246.00 

271.90 

1.0779 

-20 

0.08916 

248.71 

275.46 

1.1219 

— 

— 

— 

— 

0 

0.09845 

263.33 

292.87 

1.1881 

0.07227 

261.51 

290.42 

1.1483 

20 

0.10720 

277.81 

309.96 

1.2485 

0.07916 

276.44 

308.10 

1.2108 

40 

0.11564 

292.53 

327.22 

1.3054 

0.08571 

291.44 

325.72 

1.2689 

60 

0.12388 

307.65 

344.81 

1.3599 

0.09207 

306.75 

343.58 

1.3242 

80 

0.13200 

323.25 

362.85 

1.4125 

0.09828 

322.49 

361.80 

1.3773 

100 

0.14003 

339.37 

381.38 

1.4635 

0.10440 

338.72 

380.48 

1.4288 

120 

0.14798 

356.03 

400.43 

1.5132 

0.11045 

355.45 

399.64 

1.4788 

140 

0.15589 

373.23 

420.00 

1.5617 

0.11645 

372.72 

419.30 

1.5276 

160 

0.16376 

390.97 

440.10 

1.6093 

0.12241 

390.51 

439.47 

1.5752 

180 

0.17159 

409.24 

460.72 

1.6558 

0.12834 

408.82 

460.16 

1.6219 

200 

0.17940 

428.03 

481.85 

1.7014 

0.13424 

427.64 

481.34 

1.6676 

220 

0.18719 

447.31 

503.47 

1.7462 

0.14012 

446.96 

503.01 

1.7125 

240 

0.19496 

467.09 

525.58 

1.7901 

0.14598 

466.76 

525.15 

1.7565 

260 

0.20272 

487.33 

548.15 

1.8332 

0.15182 

487.03 

547.76 

1.7997 

280 

0.21046 

508.02 

571.16 

1.8756 

0.15766 

507.74 

570.81 

1.8422 



500 kPa (- 

13.89 C) 



600 kPa (- 

-8.67'C) 


Sat 

0.05208 

248.29 

274.33 

1.0647 

0.04351 

250.15 

276.26 

1.0540 

0 

0.05651 

259.59 

287.84 

1.1155 

0.04595 

257.54 

285.12 

1.0869 

20 

0.06231 

275.02 

306.18 

1.1803 

0.05106 

273.56 

304.20 

1.1543 

40 

0.06775 

290.32 

324.20 

1.2398 

0.05576 

289.19 

322.64 

1.2152 

60 

0.07297 

305.84 

342.32 

1.2959 

0.06023 

304.91 

341.05 

1.2722 

80 

0.07804 

321.72 

360.74 

1.3496 

0.06455 

320.94 

359.67 

1.3265 

100 

0.08302 

338.05 

379.56 

1.4014 

0.06877 

337.38 

378.65 

1.3787 

120 

0.08793 

354.87 

398.84 

1.4517 

0.07292 

354.29 

398.04 

1.4294 

140 

0.09279 

372.20 

418.60 

1.5007 

0.07701 

371.68 

417.89 

1.4786 

160 

0.09760 

390.05 

438.85 

1.5486 

0.08106 

389.58 

438.22 

1.5266 

180 

0.10238 

408.40 

459.59 

1.5954 

0.08508 

407.98 

459.03 

1.5736 

200 

0.10714 

427.26 

480.83 

1.6413 

0.08907 

426.88 

480.32 

1.6196 

220 

0.11187 

446.61 

502.55 

1.6862 

0.09304 

446.26 

502.08 

1.6646 

240 

0.11659 

466.44 

524.73 

1.7303 

0.09700 

466.11 

524.31 

1.7088 

260 

0.12129 

486.73 

547.37 

1.7736 

0.10093 

486.42 

546.98 

1.7521 

280 

0.12598 

507.46 

570.45 

1.8161 

0.10486 

507.18 

570.09 

1.7947 

300 

0.13066 

528.62 

593.95 

1.8578 

0.10877 

528.36 

593.62 

1.8365 
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TABLE B.4.2 ( continued ) 

Superheated R-410a 


Temp. 

(°C) 

M 

(m 3 /kg) 

u 

(kj /kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



800 kPa (0.05°C) 



1000 kPa (7.25°C) 


Sat. 

0.03262 

253.04 

279.14 

1.0367 

0.02596 

255.16 

281.12 

1.0229 

20 

0.03693 

270.47 

300.02 

1.1105 

0.02838 

267.11 

295.49 

1.0730 

40 

0.04074 

286.83 

319.42 

1.1746 

0.03170 

284.35 

316.05 

1.1409 

60 

0.04429 

303.01 

338.44 

1.2334 

0.03470 

301.04 

335.75 

1.2019 

80 

0.04767 

319.36 

357.49 

1.2890 

0.03753 

317.73 

355.27 

1.2588 

100 

0.05095 

336.03 

376.79 

1.3421 

0.04025 

334.65 

374.89 

1.3128 

120 

0.05415 

353.11 

396.42 

1.3934 

0.04288 

351.91 

394.79 

1.3648 

140 

0.05729 

370.64 

416.47 

1.4431 

0.04545 

369.58 

415.04 

1.4150 

160 

0.06039 

388.65 

436.96 

1.4915 

0.04798 

387.70 

435.68 

1.4638 

180 

0.06345 

407.13 

457.90 

1.5388 

0.05048 

406.28 

456.76 

1.5113 

200 

0.06649 

426.10 

479.30 

1.5850 

0.05294 

425.33 

478.27 

1.5578 

220 

0.06951 

445.55 

501.15 

1.6302 

0.05539 

444.84 

500.23 

1.6032 

240 

0.07251 

465.46 

523.46 

1.6746 

0.05781 

464.80 

522.62 

1.6477 

260 

0.07549 

485.82 

546.21 

1.7181 

0.06023 

485.21 

545.43 

1.6914 

280 

0.07846 

506.61 

569.38 

1.7607 

0.06262 

506.05 

568.67 

1.7341 

300 

0.08142 

527.83 

592.97 

1.8026 

0.06501 

527.30 

592.31 

1.7761 



1200 kPa (13.43 C) 



1400kPa(18.88C) 


Sat. 

0.02145 

256.75 

282.50 

1.0111 

0.01819 

257.94 

283.40 

1.0006 

20 

0.02260 

263.39 

290.51 

1.0388 

0.01838 

259.18 

284.90 

1.0057 

40 

0.02563 

281.72 

312.48 

1.1113 

0.02127 

278.93 

308.71 

1.0843 

60 

0.02830 

299.00 

332.96 

1.1747 

0.02371 

296.88 

330.07 

1.1505 

80 

0.03077 

316.06 

352.98 

1.2331 

0.02593 

314.35 

350.64 

1.2105 

100 

0.03311 

333.24 

372.97 

1.2881 

0.02801 

331.80 

371.01 

1.2666 

120 

0.03537 

350.69 

393.13 

1.3408 

0.03000 

349.46 

391.46 

1.3199 

140 

0.03756 

368.51 

413.59 

1.3915 

0.03192 

367.43 

412.13 

1.3712 

160 

0.03971 

386.75 

434.40 

1.4407 

0.03380 

385.79 

433.12 

1.4208 

180 

0.04183 

405.43 

455.62 

1.4886 

0.03565 

404.56 

454.47 

1.4690 

200 

0.04391 

424.55 

477.24 

1.5353 

0.03746 

423.77 

476.21 

1.5160 

220 

0.04597 

444.12 

499.29 

1.5809 

0.03925 

443.41 

498.36 

1.5618 

240 

0.04802 

464.14 

521.77 

1.6256 

0.04102 

463.49 

520.92 

1.6066 

260 

0.05005 

484.60 

544.66 

1.6693 

0.04278 

483.99 

543.88 

1.6505 

280 

0.05207 

505.48 

567.96 

1.7122 

0.04452 

504.91 

567.25 

1.6936 

300 

0.05407 

526.77 

591.66 

1.7543 

0.04626 

526.25 

591.01 

1.7358 

320 

0.05607 

548.47 

615.75 

1.7956 

0.04798 

547.97 

615.14 

1.7772 
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TABLE B.4.2 ( continued ) 

Superheated R -410a 


Temp. 

(°C) 

V 

(m 3 /kg) 

u 

(kj /kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



1800 kPa (28.22C) 



2000 kPa (32.31°C) 


Sat. 

0.01376 

259.38 

284.15 

0.9818 

0.01218 

259.72 

284.09 

0.9731 

40 

0.01534 

272.67 

300.29 

1.0344 

0.01321 

269.07 

295.49 

1.0099 

60 

0.01754 

292.34 

323.92 

1.1076 

0.01536 

289.90 

320.62 

1.0878 

80 

0.01945 

310.76 

345.77 

1.1713 

0.01717 

308.88 

343.22 

1.1537 

100 

0.02119 

328.84 

366.98 

1.2297 

0.01880 

327.30 

364.91 

1.2134 

120 

0.02283 

346.93 

388.03 

1.2847 

0.02032 

345.64 

386.29 

1.2693 

140 

0.02441 

365.24 

409.17 

1.3371 

0.02177 

364.12 

407.66 

1.3223 

160 

0.02593 

383.85 

430.51 

1.3875 

0.02317 

382.86 

429.20 

1.3732 

180 

0.02741 

402.82 

452.16 

1.4364 

0.02452 

401.94 

450.99 

1.4224 

200 

0.02886 

422.19 

474.14 

1.4839 

0.02585 

421.40 

473.10 

1.4701 

220 

0.03029 

441.97 

496.49 

1.5301 

0.02715 

441.25 

495.55 

1.5166 

240 

0.03170 

462.16 

519.22 

1.5753 

0.02844 

461.50 

518.37 

1.5619 

260 

0.03309 

482.77 

542.34 

1.6195 

0.02970 

482.16 

541.56 

1.6063 

280 

0.03447 

503.78 

565.83 

1.6627 

0.03095 

503.21 

565.12 

1.6497 

300 

0.03584 

525.19 

589.70 

1.7051 

0.03220 

524.66 

589.05 

1.6922 

320 

0.03720 

546.98 

613.94 

1.7467 

0.03343 

546.49 

613.35 

1.7338 

340 

0.03855 

569.15 

638.54 

1.7875 

0.03465 

568.69 

637.99 

1.7747 



3000 kPa (49.070 



4000 kPa (61.90=0 


Sat. 

0.00729 

258.19 

280.06 

0.9303 

0.00460 

250.37 

268.76 

0.8782 

60 

0.00858 

274.96 

300.70 

0.9933 

— 

— 

— 

— 

80 

0.01025 

298.38 

329.12 

1.0762 

0.00661 

285.02 

311.48 

1.0028 

100 

0.01159 

319.07 

353.84 

1.1443 

0.00792 

309.62 

341.29 

1.0850 

120 

0.01277 

338.84 

377.16 

1.2052 

0.00897 

331.39 

367.29 

1.1529 

140 

0.01387 

358.32 

399.92 

1.2617 

0.00990 

352.14 

391.75 

1.2136 

160 

0.01489 

377.80 

422.49 

1.3150 

0.01076 

372.51 

415.53 

1.2698 

180 

0.01588 

397.46 

445.09 

1.3661 

0.01156 

392.82 

439.05 

1.3229 

200 

0.01683 

417.37 

467.85 

1.4152 

0.01232 

413.25 

462.52 

1.3736 

220 

0.01775 

437.60 

490.84 

1.4628 

0.01305 

433.88 

486.10 

1.4224 

240 

0.01865 

458.16 

514.11 

1.5091 

0.01377 

454.79 

509.85 

1.4696 

260 

0.01954 

479.08 

537.69 

1.5541 

0.01446 

475.99 

533.83 

1.5155 

280 

0.02041 

500.37 

561.59 

1.5981 

0.01514 

497.51 

558.08 

1.5601 

300 

0.02127 

522.01 

585.81 

1.6411 

0.01581 

519.37 

582.60 

1.6037 

320 

0.02212 

544.02 

610.37 

1.6833 

0.01647 

541.55 

607.42 

1.6462 

340 

0.02296 

566.37 

635.25 

1.7245 

0.01712 

564.06 

632.54 

1.6879 

360 

0.02379 

589.07 

660.45 

1.7650 

0.01776 

586.90 

657.95 

1.7286 
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TABLE B.5 

T hermodynamic Properties of R -134a 

TABLE B.5.1 

Saturated R- 134a 


Specific Volume, m 3 /kg Internal Energy, kj/kg 


Temp. 

(°C) 

Press. 

(kPa) 

Sat. Liquid 

Vf 

Evap. 

Vfg 

Sat. Vapor 

Vg 

Sat. Liquid 

Uf 

Evap. 

Ufg 

Sat. Vapor 

Ug 

-70 

8.3 

0.000675 

1.97207 

1.97274 

119.46 

218.74 

338.20 

-65 

11.7 

0.000679 

1.42915 

1.42983 

123.18 

217.76 

340.94 

-60 

16.3 

0.000684 

1.05199 

1.05268 

127.52 

216.19 

343.71 

-55 

22.2 

0.000689 

0.78609 

0.78678 

132.36 

214.14 

346.50 

-50 

29.9 

0.000695 

0.59587 

0.59657 

137.60 

211.71 

349.31 

-45 

39.6 

0.000701 

0.45783 

0.45853 

143.15 

208.99 

352.15 

-40 

51.8 

0.000708 

0.35625 

0.35696 

148.95 

206.05 

355.00 

-35 

66.8 

0.000715 

0.28051 

0.28122 

154.93 

202.93 

357.86 

-30 

85.1 

0.000722 

0.22330 

0.22402 

161.06 

199.67 

360.73 

- 26.3 

101.3 

0.000728 

0.18947 

0.19020 

165.73 

197.16 

362.89 

-25 

107.2 

0.000730 

0.17957 

0.18030 

167.30 

196.31 

363.61 

-20 

133.7 

0.000738 

0.14576 

0.14649 

173.65 

192.85 

366.50 

-15 

165.0 

0.000746 

0.11932 

0.12007 

180.07 

189.32 

369.39 

-10 

201.7 

0.000755 

0.09845 

0.09921 

186.57 

185.70 

372.27 

-5 

244.5 

0.000764 

0.08181 

0.08257 

193.14 

182.01 

375.15 

0 

294.0 

0.000773 

0.06842 

0.06919 

199.77 

178.24 

378.01 

5 

350.9 

0.000783 

0.05755 

0.05833 

206.48 

174.38 

380.85 

10 

415.8 

0.000794 

0.04866 

0.04945 

213.25 

170.42 

383.67 

15 

489.5 

0.000805 

0.04133 

0.04213 

220.10 

166.35 

386.45 

20 

572.8 

0.000817 

0.03524 

0.03606 

227.03 

162.16 

389.19 

25 

666.3 

0.000829 

0.03015 

0.03098 

234.04 

157.83 

391.87 

30 

771.0 

0.000843 

0.02587 

0.02671 

241.14 

153.34 

394.48 

35 

887.6 

0.000857 

0.02224 

0.02310 

248.34 

148.68 

397.02 

40 

1017.0 

0.000873 

0.01915 

0.02002 

255.65 

143.81 

399.46 

45 

1160.2 

0.000890 

0.01650 

0.01739 

263.08 

138.71 

401.79 

50 

1318.1 

0.000908 

0.01422 

0.01512 

270.63 

133.35 

403.98 

55 

1491.6 

0.000928 

0.01224 

0.01316 

278.33 

127.68 

406.01 

60 

1681.8 

0.000951 

0.01051 

0.01146 

286.19 

121.66 

407.85 

65 

1889.9 

0.000976 

0.00899 

0.00997 

294.24 

115.22 

409.46 

70 

2117.0 

0.001005 

0.00765 

0.00866 

302.51 

108.27 

410.78 

75 

2364.4 

0.001038 

0.00645 

0.00749 

311.06 

100.68 

411.74 

80 

2633.6 

0.001078 

0.00537 

0.00645 

319.96 

92.26 

412.22 

85 

2926.2 

0.001128 

0.00437 

0.00550 

329.35 

82.67 

412.01 

90 

3244.5 

0.001195 

0.00341 

0.00461 

339.51 

71.24 

410.75 

95 

3591.5 

0.001297 

0.00243 

0.00373 

351.17 

56.25 

407.42 

100 

3973.2 

0.001557 

0.00108 

0.00264 

368.55 

28.19 

396.74 

101.2 

4064.0 

0.001969 

0 

0.00197 

382.97 

0 

382.97 
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TABLE B.5.1 ( continued ) 

Saturated R-134a 


Temp. 

(C) 

Press. 

(kPa) 


Enthalpy, kj/kg 


E ntropy, kj /k-K 

Sat. Liquid 

hf 

Evap. 

h fg 

Sat. Vapor 

Sat. Liquid 

S f 

Evap. 

Sfg 

Sat. Vapor 

Sg 

-70 

8.3 

119.47 

235.15 

354.62 

0.6645 

1.1575 

1.8220 

-65 

11.7 

123.18 

234.55 

357.73 

0.6825 

1.1268 

1.8094 

-60 

16.3 

127.53 

233.33 

360.86 

0.7031 

1.0947 

1.7978 

-55 

22.2 

132.37 

231.63 

364.00 

0.7256 

1.0618 

1.7874 

-50 

29.9 

137.62 

229.54 

367.16 

0.7493 

1.0286 

1.7780 

-45 

39.6 

143.18 

227.14 

370.32 

0.7740 

0.9956 

1.7695 

-40 

51.8 

148.98 

224.50 

373.48 

0.7991 

0.9629 

1.7620 

-35 

66.8 

154.98 

221.67 

376.64 

0.8245 

0.9308 

1.7553 

-30 

85.1 

161.12 

218.68 

379.80 

0.8499 

0.8994 

1.7493 

-26.3 

101.3 

165.80 

216.36 

382.16 

0.8690 

0.8763 

1.7453 

-25 

107.2 

167.38 

215.57 

382.95 

0.8754 

0.8687 

1.7441 

-20 

133.7 

173.74 

212.34 

386.08 

0.9007 

0.8388 

1.7395 

-15 

165.0 

180.19 

209.00 

389.20 

0.9258 

0.8096 

1.7354 

-10 

201.7 

186.72 

205.56 

392.28 

0.9507 

0.7812 

1.7319 

-5 

244.5 

193.32 

202.02 

395.34 

0.9755 

0.7534 

1.7288 

0 

294.0 

200.00 

198.36 

398.36 

1.0000 

0.7262 

1.7262 

5 

350.9 

206.75 

194.57 

401.32 

1.0243 

0.6995 

1.7239 

10 

415.8 

213.58 

190.65 

404.23 

1.0485 

0.6733 

1.7218 

15 

489.5 

220.49 

186.58 

407.07 

1.0725 

0.6475 

1.7200 

20 

572.8 

227.49 

182.35 

409.84 

1.0963 

0.6220 

1.7183 

25 

666.3 

234.59 

177.92 

412.51 

1.1201 

0.5967 

1.7168 

30 

771.0 

241.79 

173.29 

415.08 

1.1437 

0.5716 

1.7153 

35 

887.6 

249.10 

168.42 

417.52 

1.1673 

0.5465 

1.7139 

40 

1017.0 

256.54 

163.28 

419.82 

1.1909 

0.5214 

1.7123 

45 

1160.2 

264.11 

157.85 

421.96 

1.2145 

0.4962 

1.7106 

50 

1318.1 

271.83 

152.08 

423.91 

1.2381 

0.4706 

1.7088 

55 

1491.6 

279.72 

145.93 

425.65 

1.2619 

0.4447 

1.7066 

60 

1681.8 

287.79 

139.33 

427.13 

1.2857 

0.4182 

1.7040 

65 

1889.9 

296.09 

132.21 

428.30 

1.3099 

0.3910 

1.7008 

70 

2117.0 

304.64 

124.47 

429.11 

1.3343 

0.3627 

1.6970 

75 

2364.4 

313.51 

115.94 

429.45 

1.3592 

0.3330 

1.6923 

80 

2633.6 

322.79 

106.40 

429.19 

1.3849 

0.3013 

1.6862 

85 

2926.2 

332.65 

95.45 

428.10 

1.4117 

0.2665 

1.6782 

90 

3244.5 

343.38 

82.31 

425.70 

1.4404 

0.2267 

1.6671 

95 

3591.5 

355.83 

64.98 

420.81 

1.4733 

0.1765 

1.6498 

100 

3973.2 

374.74 

32.47 

407.21 

1.5228 

0.0870 

1.6098 

101.2 

4064.0 

390.98 

0 

390.98 

1.5658 

0 

1.5658 
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TABLE B.5.2 

Superheated R- 134a 


Temp. 

(°C) 

V 

(m 3 /k g ) 

u 

(kj /kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



50 kPa (- 

-40.67 0 



100kPa(- 

26.54 3 C) 


Sat. 

0.36889 

354.61 

373.06 

1.7629 

0.19257 

362.73 

381.98 

1.7456 

-20 

0.40507 

368.57 

388.82 

1.8279 

0.19860 

367.36 

387.22 

1.7665 

-10 

0.42222 

375.53 

396.64 

1.8582 

0.20765 

374.51 

395.27 

1.7978 

0 

0.43921 

382.63 

404.59 

1.8878 

0.21652 

381.76 

403.41 

1.8281 

10 

0.45608 

389.90 

412.70 

1.9170 

0.22527 

389.14 

411.67 

1.8578 

20 

0.47287 

397.32 

420.96 

1.9456 

0.23392 

396.66 

420.05 

1.8869 

30 

0.48958 

404.90 

429.38 

1.9739 

0.24250 

404.31 

428.56 

1.9155 

40 

0.50623 

412.64 

437.96 

2.0017 

0.25101 

412.12 

437.22 

1.9436 

50 

0.52284 

420.55 

446.70 

2.0292 

0.25948 

420.08 

446.03 

1.9712 

60 

0.53941 

428.63 

455.60 

2.0563 

0.26791 

428.20 

454.99 

1.9985 

70 

0.55595 

436.86 

464.66 

2.0831 

0.27631 

436.47 

464.10 

2.0255 

80 

0.57247 

445.26 

473.88 

2.1096 

0.28468 

444.89 

473.36 

2.0521 

90 

0.58896 

453.82 

483.26 

2.1358 

0.29302 

453.47 

482.78 

2.0784 

100 

0.60544 

462.53 

492.81 

2.1617 

0.30135 

462.21 

492.35 

2.1044 

110 

0.62190 

471.41 

502.50 

2.1874 

0.30967 

471.11 

502.07 

2.1301 

120 

0.63835 

480.44 

512.36 

2.2128 

0.31797 

480.16 

511.95 

2.1555 

130 

0.65479 

489.63 

522.37 

2.2379 

0.32626 

489.36 

521.98 

2.1807 



150 kPa (- 

- 17.29=0 



200kPa(- 

10.22C) 


Sat. 

0.13139 

368.06 

387.77 

1.7372 

0.10002 

372.15 

392.15 

1.7320 

-10 

0.13602 

373.44 

393.84 

1.7606 

0.10013 

372.31 

392.34 

1.7328 

0 

0.14222 

380.85 

402.19 

1.7917 

0.10501 

379.91 

400.91 

1.7647 

10 

0.14828 

388.36 

410.60 

1.8220 

0.10974 

387.55 

409.50 

1.7956 

20 

0.15424 

395.98 

419.11 

1.8515 

0.11436 

395.27 

418.15 

1.8256 

30 

0.16011 

403.71 

427.73 

1.8804 

0.11889 

403.10 

426.87 

1.8549 

40 

0.16592 

411.59 

436.47 

1.9088 

0.12335 

411.04 

435.71 

1.8836 

50 

0.17168 

419.60 

445.35 

1.9367 

0.12776 

419.11 

444.66 

1.9117 

60 

0.17740 

427.76 

454.37 

1.9642 

0.13213 

427.31 

453.74 

1.9394 

70 

0.18308 

436.06 

463.53 

1.9913 

0.13646 

435.65 

462.95 

1.9666 

80 

0.18874 

444.52 

472.83 

2.0180 

0.14076 

444.14 

472.30 

1.9935 

90 

0.19437 

453.13 

482.28 

2.0444 

0.14504 

452.78 

481.79 

2.0200 

100 

0.19999 

461.89 

491.89 

2.0705 

0.14930 

461.56 

491.42 

2.0461 

110 

0.20559 

470.80 

501.64 

2.0963 

0.15355 

470.50 

501.21 

2.0720 

120 

0.21117 

479.87 

511.54 

2.1218 

0.15777 

479.58 

511.13 

2.0976 

130 

0.21675 

489.08 

521.60 

2.1470 

0.16199 

488.81 

521.21 

2.1229 

140 

0.22231 

498.45 

531.80 

2.1720 

0.16620 

498.19 

531.43 

2.1479 
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table B.5.2 ( continued ) 

S uperheated R -134a 


Temp. 

(°C) 

M 

(m 3 /k g ) 

u 

(kj /kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



300kPa(0.56°C) 



400 kPa (8.84C) 


Sat. 

0.06787 

378.33 

398.69 

1.7259 

0.05136 

383.02 

403.56 

1.7223 

10 

0.07111 

385.84 

407.17 

1.7564 

0.05168 

383.98 

404.65 

1.7261 

20 

0.07441 

393.80 

416.12 

1.7874 

0.05436 

392.22 

413.97 

1.7584 

30 

0.07762 

401.81 

425.10 

1.8175 

0.05693 

400.45 

423.22 

1.7895 

40 

0.08075 

409.90 

434.12 

1.8468 

0.05940 

408.70 

432.46 

1.8195 

50 

0.08382 

418.09 

443.23 

1.8755 

0.06181 

417.03 

441.75 

1.8487 

60 

0.08684 

426.39 

452.44 

1.9035 

0.06417 

425.44 

451.10 

1.8772 

70 

0.08982 

434.82 

461.76 

1.9311 

0.06648 

433.95 

460.55 

1.9051 

80 

0.09277 

443.37 

471.21 

1.9582 

0.06877 

442.58 

470.09 

1.9325 

90 

0.09570 

452.07 

480.78 

1.9850 

0.07102 

451.34 

479.75 

1.9595 

100 

0.09861 

460.90 

490.48 

2.0113 

0.07325 

460.22 

489.52 

1.9860 

110 

0.10150 

469.87 

500.32 

2.0373 

0.07547 

469.24 

499.43 

2.0122 

120 

0.10437 

478.99 

510.30 

2.0631 

0.07767 

478.40 

509.46 

2.0381 

130 

0.10723 

488.26 

520.43 

2.0885 

0.07985 

487.69 

519.63 

2.0636 

140 

0.11008 

497.66 

530.69 

2.1136 

0.08202 

497.13 

529.94 

2.0889 

150 

0.11292 

507.22 

541.09 

2.1385 

0.08418 

506.71 

540.38 

2.1139 

160 

0.11575 

516.91 

551.64 

2.1631 

0.08634 

516.43 

550.97 

2.1386 



500 kPa (15.66° C) 



600 kPa (21.52°C) 


Sat. 

0.04126 

386.82 

407.45 

1.7198 

0.03442 

390.01 

410.66 

1.7179 

20 

0.04226 

390.52 

411.65 

1.7342 

— 

— 

— 

— 

30 

0.04446 

398.99 

421.22 

1.7663 

0.03609 

397.44 

419.09 

1.7461 

40 

0.04656 

407.44 

430.72 

1.7971 

0.03796 

406.11 

428.88 

1.7779 

50 

0.04858 

415.91 

440.20 

1.8270 

0.03974 

414.75 

438.59 

1.8084 

60 

0.05055 

424.44 

449.72 

1.8560 

0.04145 

423.41 

448.28 

1.8379 

70 

0.05247 

433.06 

459.29 

1.8843 

0.04311 

432.13 

457.99 

1.8666 

80 

0.05435 

441.77 

468.94 

1.9120 

0.04473 

440.93 

467.76 

1.8947 

90 

0.05620 

450.59 

478.69 

1.9392 

0.04632 

449.82 

477.61 

1.9222 

100 

0.05804 

459.53 

488.55 

1.9660 

0.04788 

458.82 

487.55 

1.9492 

110 

0.05985 

468.60 

498.52 

1.9924 

0.04943 

467.94 

497.59 

1.9758 

120 

0.06164 

477.79 

508.61 

2.0184 

0.05095 

477.18 

507.75 

2.0019 

130 

0.06342 

487.13 

518.83 

2.0440 

0.05246 

486.55 

518.03 

2.0277 

140 

0.06518 

496.59 

529.19 

2.0694 

0.05396 

496.05 

528.43 

2.0532 

150 

0.06694 

506.20 

539.67 

2.0945 

0.05544 

505.69 

538.95 

2.0784 

160 

0.06869 

515.95 

550.29 

2.1193 

0.05692 

515.46 

549.61 

2.1033 

170 

0.07043 

525.83 

561.04 

2.1438 

0.05839 

525.36 

560.40 

2.1279 
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TABLE B.5.2 ( continued ) 

Superheated R- 134a 


Temp. 

(°C) 

V 

(m 3 /k g ) 

u 

(kj /kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



800 kPa (31.30C) 



1000 kPa (39.37= C) 


Sat. 

0.02571 

395.15 

415.72 

1.7150 

0.02038 

399.16 

419.54 

1.7125 

40 

0.02711 

403.17 

424.86 

1.7446 

0.02047 

399.78 

420.25 

1.7148 

50 

0.02861 

412.23 

435.11 

1.7768 

0.02185 

409.39 

431.24 

1.7494 

60 

0.03002 

421.20 

445.22 

1.8076 

0.02311 

418.78 

441.89 

1.7818 

70 

0.03137 

430.17 

455.27 

1.8373 

0.02429 

428.05 

452.34 

1.8127 

80 

0.03268 

439.17 

465.31 

1.8662 

0.02542 

437.29 

462.70 

1.8425 

90 

0.03394 

448.22 

475.38 

1.8943 

0.02650 

446.53 

473.03 

1.8713 

100 

0.03518 

457.35 

485.50 

1.9218 

0.02754 

455.82 

483.36 

1.8994 

110 

0.03639 

466.58 

495.70 

1.9487 

0.02856 

465.18 

493.74 

1.9268 

120 

0.03758 

475.92 

505.99 

1.9753 

0.02956 

474.62 

504.17 

1.9537 

130 

0.03876 

485.37 

516.38 

2.0014 

0.03053 

484.16 

514.69 

1.9801 

140 

0.03992 

494.94 

526.88 

2.0271 

0.03150 

493.81 

525.30 

2.0061 

150 

0.04107 

504.64 

537.50 

2.0525 

0.03244 

503.57 

536.02 

2.0318 

160 

0. 01221 

514.46 

548.23 

2.0775 

0.03338 

513.46 

546.84 

2.0570 

170 

0.04334 

524.42 

559.09 

2.1023 

0.03431 

523.46 

557.77 

2.0820 

180 

0.04446 

534.51 

570.08 

2.1268 

0.03523 

533.60 

568.83 

2.1067 



1200 kPa (46.31°C) 



1400 kPa (52.42 C) 


Sat. 

0.01676 

402.37 

422.49 

1.7102 

0.01414 

404.98 

424.78 

1.7077 

50 

0.01724 

406.15 

426.84 

1.7237 

— 

— 

— 

— 

60 

0.01844 

416.08 

438.21 

1.7584 

0.01503 

413.03 

434.08 

1.7360 

70 

0.01953 

425.74 

449.18 

1.7908 

0.01608 

423.20 

445.72 

1.7704 

80 

0.02055 

435.27 

459.92 

1.8217 

0.01704 

433.09 

456.94 

1.8026 

90 

0.02151 

444.74 

470.55 

1.8514 

0.01793 

442.83 

467.93 

1.8333 

100 

0.02244 

454.20 

481.13 

1.8801 

0.01878 

452.50 

478.79 

1.8628 

110 

0.02333 

463.71 

491.70 

1.9081 

0.01958 

462.17 

489.59 

1.8914 

120 

0.02420 

473.27 

502.31 

1.9354 

0.02036 

471.87 

500.38 

1.9192 

130 

0.02504 

482.91 

512.97 

1.9621 

0.02112 

481.63 

511.19 

1.9463 

140 

0.02587 

492.65 

523.70 

1.9884 

0.02186 

491.46 

522.05 

1.9730 

150 

0.02669 

502.48 

534.51 

2.0143 

0.02258 

501.37 

532.98 

1.9991 

160 

0.02750 

512.43 

545.43 

2.0398 

0.02329 

511.39 

543.99 

2.0248 

170 

0.02829 

522.50 

556.44 

2.0649 

0.02399 

521.51 

555.10 

2.0502 

180 

0.02907 

532.68 

567.57 

2.0898 

0.02468 

531.75 

566.30 

2.0752 
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table B.5.2 ( continued ) 

S uperheated R -134a 


Temp. 

(°C) 

M 

(m 3 /k g ) 

u 

(kj /kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



1600 kPa (57.90 J C) 



2000 kPa (67.48 C) 


Sat. 

0.01215 

407.11 

426.54 

1.7051 

0.00930 

410.15 

428.75 

1.6991 

60 

0.01239 

409.49 

429.32 

1.7135 

— 

— 

— 

— 

70 

0.01345 

420.37 

441.89 

1.7507 

0.00958 

413.37 

432.53 

1.7101 

80 

0.01438 

430.72 

453.72 

1.7847 

0.01055 

425.20 

446.30 

1.7497 

90 

0.01522 

440.79 

465.15 

1.8166 

0.01137 

436.20 

458.95 

1.7850 

100 

0.01601 

450.71 

476.33 

1.8469 

0.01211 

446.78 

471.00 

1.8177 

110 

0.01676 

460.57 

487.39 

1.8762 

0.01279 

457.12 

482.69 

1.8487 

120 

0.01748 

470.42 

498.39 

1.9045 

0.01342 

467.34 

494.19 

1.8783 

130 

0.01817 

480.30 

509.37 

1.9321 

0.01403 

477.51 

505.57 

1.9069 

140 

0.01884 

490.23 

520.38 

1.9591 

0.01461 

487.68 

516.90 

1.9346 

150 

0.01949 

500.24 

531.43 

1.9855 

0.01517 

497.89 

528.22 

1.9617 

160 

0.02013 

510.33 

542.54 

2.0115 

0.01571 

508.15 

539.57 

1.9882 

170 

0.02076 

520.52 

553.73 

2.0370 

0.01624 

518.48 

550.96 

2.0142 

180 

0.02138 

530.81 

565.02 

2.0622 

0.01676 

528.89 

562.42 

2.0398 



3000 kPa (86.20C) 



4000 kPa (100.33 J C) 


Sat. 

0.00528 

411.83 

427.67 

1.6759 

0.00252 

394.86 

404.94 

1.6036 

90 

0.00575 

418.93 

436.19 

1.6995 

— 

— 

— 

— 

100 

0.00665 

433.77 

453.73 

1.7472 

— 

— 

— 

— 

110 

0.00734 

446.48 

468.50 

1.7862 

0.00428 

429.74 

446.84 

1.7148 

120 

0.00792 

458.27 

482.04 

1.8211 

0.00500 

445.97 

465.99 

1.7642 

130 

0.00845 

469.58 

494.91 

1.8535 

0.00556 

459.63 

481.87 

1.8040 

140 

0.00893 

480.61 

507.39 

1.8840 

0.00603 

472.19 

496.29 

1.8394 

150 

0.00937 

491.49 

519.62 

1.9133 

0.00644 

484.15 

509.92 

1.8720 

160 

0.00980 

502.30 

531.70 

1.9415 

0.00683 

495.77 

523.07 

1.9027 

170 

0.01021 

513.09 

543.71 

1.9689 

0.00718 

507.19 

535.92 

1.9320 

180 

0.01060 

523.89 

555.69 

1.9956 

0.00752 

518.51 

548.57 

1.9603 



6000 kPa 



10000 kPa 


90 

0.001059 

328.34 

334.70 

1.4081 

0.000991 

320.72 

330.62 

1.3856 

100 

0.001150 

346.71 

353.61 

1.4595 

0.001040 

336.45 

346.85 

1.4297 

110 

0.001307 

368.06 

375.90 

1.5184 

0.001100 

352.74 

363.73 

1.4744 

120 

0.001698 

396.59 

406.78 

1.5979 

0.001175 

369.69 

381.44 

1.5200 

130 

0.002396 

426.81 

441.18 

1.6843 

0.001272 

387.44 

400.16 

1.5670 

140 

0.002985 

448.34 

466.25 

1.7458 

0.001400 

405.97 

419.98 

1.6155 

150 

0.003439 

465.19 

485.82 

1.7926 

0.001564 

424.99 

440.63 

1.6649 

160 

0.003814 

479.89 

502.77 

1.8322 

0.001758 

443.77 

461.34 

1.7133 

170 

0.004141 

493.45 

518.30 

1.8676 

0.001965 

461.65 

481.30 

1.7589 

180 

0.004435 

506.35 

532.96 

1.9004 

0.002172 

478.40 

500.12 

1.8009 
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TABLE B.6 

T hermodynamic Properties of Nitrogen 

TABLE B.6.1 

Saturated Nitrogen 


Temp. 

(K) 

Press. 

(kPa) 

Specific Volume, m 3 /kg 

1 nternal E nergy, kj /kg 

Sat. Liquid 

Vf 

Evap. 

Ufg 

Sat. Vapor 

Vg 

Sat. Liquid 

Uf 

Evap. 

Ufg 

Sat. Vapor 
“g 

63.1 

12.5 

0.001150 

1.48074 

1.48189 

- 150.92 

196.86 

45.94 

65 

17.4 

0.001160 

1.09231 

1.09347 

- 147.19 

194.37 

47.17 

70 

38.6 

0.001191 

0.52513 

0.52632 

- 137.13 

187.54 

50.40 

75 

76.1 

0.001223 

0.28052 

0.28174 

— 127.04 

180.47 

53.43 

77.3 

101.3 

0.001240 

0.21515 

0.21639 

- 122.27 

177.04 

54.76 

80 

137.0 

0.001259 

0.16249 

0.16375 

- 116.86 

173.06 

56.20 

85 

229.1 

0.001299 

0.10018 

0.10148 

- 106.55 

165.20 

58.65 

90 

360.8 

0.001343 

0.06477 

0.06611 

- 96.06 

156.76 

60.70 

95 

541.1 

0.001393 

0.04337 

0.04476 

- 85.35 

147.60 

62.25 

100 

779.2 

0.001452 

0.02975 

0.03120 

- 74.33 

137.50 

63.17 

105 

1084.6 

0.001522 

0.02066 

0.02218 

- 62.89 

126.18 

63.29 

110 

1467.6 

0.001610 

0.01434 

0.01595 

- 50.81 

113.11 

62.31 

115 

1939.3 

0.001729 

0.00971 

0.01144 

- 37.66 

97.36 

59.70 

120 

2513.0 

0.001915 

0.00608 

0.00799 

- 22.42 

76.63 

54.21 

125 

3208.0 

0.002355 

0.00254 

0.00490 

- 0.83 

40.73 

39.90 

126.2 

3397.8 

0.003194 

0 

0.00319 

18.94 

0 

18.94 




E nthalpy, kj /kg 

E ntropy, kj / kg-K 

Temp. 

Press. 

Sat. Liquid 

Evap. 

Sat. Vapor 

Sat. Liquid 

Evap. 

Sat. Vapor 

(K) 

(kPa) 

h f 

hfg 

fig 

Sf 

s fg 

Sg 

63.1 

12.5 

- 150.91 

215.39 

64.48 

2.4234 

3.4109 

5.8343 

65 

17.4 

- 147.17 

213.38 

66.21 

2.4816 

3.2828 

5.7645 

70 

38.6 

- 137.09 

207.79 

70.70 

2.6307 

2.9684 

5.5991 

75 

76.1 

- 126.95 

201.82 

74.87 

2.7700 

2.6909 

5.4609 

77.3 

101.3 

- 122.15 

198.84 

76.69 

2.8326 

2.5707 

5.4033 

80 

137.0 

- 116.69 

195.32 

78.63 

2.9014 

2.4415 

5.3429 

85 

229.1 

- 106.25 

188.15 

81.90 

3.0266 

2.2135 

5.2401 

90 

360.8 

- 95.58 

180.13 

84.55 

3.1466 

2.0015 

5.1480 

95 

541.1 

- 84.59 

171.07 

86.47 

3.2627 

1.8007 

5.0634 

100 

779.2 

- 73.20 

160.68 

87.48 

3.3761 

1.6068 

4.9829 

105 

1084.6 

- 61.24 

148.59 

87.35 

3.4883 

1.4151 

4.9034 

110 

1467.6 

- 48.45 

134.15 

85.71 

3.6017 

1.2196 

4.8213 

115 

1939.3 

- 34.31 

116.19 

81.88 

3.7204 

1.0104 

4.7307 

120 

2513.0 

- 17.61 

91.91 

74.30 

3.8536 

0.7659 

4.6195 

125 

3208.0 

6.73 

48.88 

55.60 

4.0399 

0.3910 

4.4309 

126.2 

3397.8 

29.79 

0 

29.79 

4.2193 

0 

4.2193 
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TABLE B.6.2 

S uperheated N itrogen 


Temp. 

(K) 

V 

(m 3 /kg) 

u 

(kj /kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



100 kPa (77.24 K) 



200 kPa (83.62 K) 


Sat. 

0.21903 

54.70 

76.61 

5.4059 

0.11520 

58.01 

81.05 

5.2673 

100 

0.29103 

72.84 

101.94 

5.6944 

0.14252 

71.73 

100.24 

5.4775 

120 

0.35208 

87.94 

123.15 

5.8878 

0.17397 

87.14 

121.93 

5.6753 

140 

0.41253 

102.95 

144.20 

6.0501 

0.20476 

102.33 

143.28 

5.8399 

160 

0.47263 

117.91 

165.17 

6.1901 

0.23519 

117.40 

164.44 

5.9812 

180 

0.53254 

132.83 

186.09 

6.3132 

0.26542 

132.41 

185.49 

6.1052 

200 

0.59231 

147.74 

206.97 

6.4232 

0.29551 

147.37 

206.48 

6.2157 

220 

0.65199 

162.63 

227.83 

6.5227 

0.32552 

162.31 

227.41 

6.3155 

240 

0.71161 

177.51 

248.67 

6.6133 

0.35546 

177.23 

248.32 

6.4064 

260 

0.77118 

192.39 

269.51 

6.6967 

0.38535 

192.14 

269.21 

6.4900 

280 

0.83072 

207.26 

290.33 

6.7739 

0.41520 

207.04 

290.08 

6.5674 

300 

0.89023 

222.14 

311.16 

6.8457 

0.44503 

221.93 

310.94 

6.6393 

350 

1.03891 

259.35 

363.24 

7.0063 

0.51952 

259.18 

363.09 

6.8001 

400 

1.18752 

296.66 

415.41 

7.1456 

0.59392 

296.52 

415.31 

6.9396 

450 

1.33607 

334.16 

467.77 

7.2690 

0.66827 

334.04 

467.70 

7.0630 

500 

1.48458 

371.95 

520.41 

7.3799 

0.74258 

371.85 

520.37 

7.1740 

600 

1.78154 

448.79 

626.94 

7.5741 

0.89114 

448.71 

626.94 

7.3682 

700 

2.07845 

527.74 

735.58 

7.7415 

1.03965 

527.68 

735.61 

7.5357 

800 

2.37532 

609.07 

846.60 

7.8897 

1.18812 

609.02 

846.64 

7.6839 

900 

2.67217 

692.79 

960.01 

8.0232 

1.33657 

692.75 

960.07 

7.8175 

1000 

2.96900 

778.78 

1075.68 

8.1451 

1.48501 

778.74 

1075.75 

7.9393 
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table B.6.2 ( continued ) 

S uperheated N itrogen 


Temp. 

M 

u 

h 

s 

V 

u 

h 

s 

(K) 

(m 3 /kg) 

(kj /kg) 

(kj/kg) 

(kJ/kg-K) 

(m 3 /kg) 

(kj/kg) 

(kj/kg) 

(kJ/kg-K) 



400 kPa (91.22 K) 



600 kPa (96.37 K) 


Sat. 

0.05992 

61.13 

85.10 

5.1268 

0.04046 

62.57 

86.85 

5.0411 

100 

0.06806 

69.30 

96.52 

5.2466 

0.04299 

66.41 

92.20 

5.0957 

120 

0.08486 

85.48 

119.42 

5.4556 

0.05510 

83.73 

116.79 

5.3204 

140 

0.10085 

101.06 

141.40 

5.6250 

0.06620 

99.75 

139.47 

5.4953 

160 

0.11647 

116.38 

162.96 

5.7690 

0.07689 

115.34 

161.47 

5.6422 

180 

0.13186 

131.55 

184.30 

5.8947 

0.08734 

130.69 

183.10 

5.7696 

200 

0.14712 

146.64 

205.49 

6.0063 

0.09766 

145.91 

204.50 

5.8823 

220 

0.16228 

161.68 

226.59 

6.1069 

0.10788 

161.04 

225.76 

5.9837 

240 

0.17738 

176.67 

247.62 

6.1984 

0.11803 

176.11 

246.92 

6.0757 

260 

0.19243 

191.64 

268.61 

6.2824 

0.12813 

191.13 

268.01 

6.1601 

280 

0.20745 

206.58 

289.56 

6.3600 

0.13820 

206. 13 

289.05 

6.2381 

300 

0.22244 

221.52 

310.50 

6.4322 

0.14824 

221.11 

310.06 

6.3105 

350 

0.25982 

258.85 

362.78 

6.5934 

0.17326 

258.52 

362.48 

6.4722 

400 

0.29712 

296.25 

415.10 

6.7331 

0.19819 

295.97 

414.89 

6.6121 

450 

0.33437 

333.81 

467.56 

6.8567 

0.22308 

333.57 

467.42 

6.7359 

500 

0.37159 

371.65 

520.28 

6.9678 

0.24792 

371.45 

520.20 

6.8471 

600 

0.44595 

448.55 

626.93 

7.1622 

0.29755 

448.40 

626.93 

7.0416 

700 

0.52025 

527.55 

735.65 

7.3298 

0.34712 

527.43 

735.70 

7.2093 

800 

0.59453 

608.92 

846.73 

7.4781 

0.39666 

608.82 

846.82 

7.3576 

900 

0.66878 

692.67 

960.19 

7.6117 

0.44618 

692.59 

960.30 

7.4912 

1000 

0.74302 

778.68 

1075.89 

7.7335 

0.49568 

778.61 

1076.02 

7.6131 



800 kPa (100.38 K) 



1000 kPa (103.73 K) 


Sat. 

0.03038 

63.21 

87.52 

4.9768 

0.02416 

63.35 

87.51 

4.9237 

120 

0.04017 

81.88 

114.02 

5.2191 

0.03117 

79.91 

111.08 

5.1357 

140 

0.04886 

98.41 

137.50 

5.4002 

0.03845 

97.02 

135.47 

5.3239 

160 

0.05710 

114.28 

159.95 

5.5501 

0.04522 

113.20 

158.42 

5.4772 

180 

0.06509 

129.82 

181.89 

5.6793 

0.05173 

128.94 

180.67 

5.6082 

200 

0.07293 

145.17 

203.51 

5.7933 

0.05809 

144.43 

202.52 

5.7234 

220 

0.08067 

160.40 

224.94 

5.8954 

0.06436 

159.76 

224.11 

5.8263 

240 

0.08835 

175.54 

246.23 

5.9880 

0.07055 

174.98 

245.53 

5.9194 

260 

0.09599 

190.63 

267.42 

6.0728 

0.07670 

190.13 

266.83 

6.0047 

280 

0.10358 

205.68 

288.54 

6.1511 

0.08281 

205.23 

288.04 

6.0833 

300 

0.11115 

220.70 

309.62 

6.2238 

0.08889 

220.29 

309.18 

6.1562 

350 

0.12998 

258.19 

362.17 

6.3858 

0.10401 

257.86 

361.87 

6.3187 

400 

0.14873 

295.69 

414.68 

6.5260 

0.11905 

295.42 

414.47 

6.4591 

500 

0.18609 

371.25 

520.12 

6.7613 

0.14899 

371.04 

520.04 

6.6947 

600 

0.22335 

448.24 

626.93 

6.9560 

0.17883 

448.09 

626.92 

6.8895 

700 

0.26056 

527.31 

735.76 

7.1237 

0.20862 

527.19 

735.81 

7.0573 

800 

0.29773 

608.73 

846.91 

7.2721 

0.23837 

608.63 

847.00 

7.2057 

900 

0.33488 

692.52 

960.42 

7.4058 

0.26810 

692.44 

960.54 

7.3394 

1000 

0.37202 

778.55 

1076.16 

7.5277 

0.29782 

778.49 

1076.30 

7.4614 
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TABLE B.6.2 ( continued ) 

S uperheated N itrogen 


Temp. 

(°C) 

M 

(m 3 /kg) 

u 

(kj /kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



1500 kPa (110.38 K) 



2000 kPa (115.58 K) 


Sat. 

0.01555 

62.17 

85.51 

4.8148 

0.01100 

59.25 

81.25 

4.7193 

120 

0.01899 

74.26 

102.75 

4.9650 

0.01260 

66.90 

92.10 

4.8116 

140 

0.02452 

93.36 

130.15 

5.1767 

0.01752 

89.37 

124.40 

5.0618 

160 

0.02937 

110.44 

154.50 

5.3394 

0.02144 

107.55 

150.43 

5.2358 

180 

0.03393 

126.71 

177.60 

5.4755 

0.02503 

124.42 

174.48 

5.3775 

200 

0.03832 

142.56 

200.03 

5.5937 

0.02844 

140.66 

197.53 

5.4989 

220 

0.04260 

158.14 

222.05 

5.6987 

0.03174 

156.52 

219.99 

5.6060 

240 

0.04682 

173.57 

243.80 

5.7933 

0.03496 

172.15 

242.08 

5.7021 

260 

0.05099 

188.87 

265.36 

5.8796 

0.03814 

187.62 

263.90 

5.7894 

280 

0.05512 

204.10 

286.78 

5.9590 

0.04128 

202.97 

285.53 

5.8696 

300 

0.05922 

219.27 

308.10 

6.0325 

0.04440 

218.24 

307.03 

5.9438 

350 

0.06940 

257.03 

361.13 

6.1960 

0.05209 

256.21 

360.39 

6.1083 

400 

0.07949 

294.73 

413.96 

6.3371 

0.05971 

294.05 

413.47 

6.2500 

450 

0.08953 

332.53 

466.82 

6.4616 

0.06727 

331.95 

466.49 

6.3750 

500 

0.09953 

370.54 

519.84 

6.5733 

0.07480 

370.05 

519.65 

6.4870 

600 

0.11948 

447.71 

626.92 

6.7685 

0.08980 

447.33 

626.93 

6.6825 

700 

0.13937 

526.89 

735.94 

6.9365 

0.10474 

526.59 

736.07 

6.8507 

800 

0.15923 

608.39 

847.22 

7.0851 

0.11965 

608.14 

847.45 

6.9994 

900 

0.17906 

692.24 

960.83 

7.2189 

0.13454 

692.04 

961.13 

7.1333 

1000 

0.19889 

778.32 

1076.65 

7.3409 

0.14942 

778.16 

1077.01 

7.2553 



3000 kPa (123.61 K) 



10000 kPa 


Sat. 

0.00582 

46.03 

63.47 

4.5032 

— 

— 

— 

— 

140 

0.01038 

79.98 

111.13 

4.8706 

0.00200 

0.84 

20.87 

4.0373 

160 

0.01350 

101.35 

141.85 

5.0763 

0.00291 

47.44 

76.52 

4.4088 

180 

0.01614 

119.68 

168.09 

5.2310 

0.00402 

82.44 

122.65 

4.6813 

200 

0.01857 

136.78 

192.49 

5.3596 

0.00501 

108.21 

158.35 

4.8697 

220 

0.02088 

153.24 

215.88 

5.4711 

0.00590 

129.86 

188.88 

5.0153 

240 

0.02312 

169.30 

238.66 

5.5702 

0.00672 

149.42 

216.64 

5.1362 

260 

0.02531 

185.10 

261.02 

5.6597 

0.00749 

167.77 

242.72 

5.2406 

280 

0.02746 

200.72 

283.09 

5.7414 

0.00824 

185.34 

267.69 

5.3331 

300 

0.02958 

216.21 

304.94 

5.8168 

0.00895 

202.38 

291.90 

5.4167 

350 

0.03480 

254.57 

358.96 

5.9834 

0.01067 

243.57 

350.26 

5.5967 

400 

0.03993 

292.70 

412.50 

6.1264 

0.01232 

283.59 

406.79 

5.7477 

500 

0.05008 

369.06 

519.29 

6.3647 

0.01551 

362.42 

517.48 

5.9948 

600 

0.06013 

446.57 

626.95 

6.5609 

0.01861 

441.47 

627.58 

6.1955 

700 

0.07012 

525.99 

736.35 

6.7295 

0.02167 

521.96 

738.65 

6.3667 

800 

0.08008 

607.67 

847.92 

6.8785 

0.02470 

604.42 

851.43 

6.5172 

900 

0.09003 

691.65 

961.73 

7.0125 

0.02771 

689.02 

966.15 

6.6523 

1000 

0.09996 

777.85 

1077.72 

7.1347 

0.03072 

775.68 

1082.84 

6.7753 
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TABLE B.7 

T hermodynamic Properties of Methane 

TABLE B.7.1 

Saturated M ethane 


Temp. (K) 

P (kPa) 

Specific Volume, m 3 /kg 

1 nternai E nergy, kj /kg 

Vf 

v fg 

V 9 

Uf 

Ufg 

U 9 

90.7 

11.7 

0.002215 

3.97941 

3.98163 

- 358.10 

496.59 

138.49 

95 

19.8 

0.002243 

2.44845 

2.45069 

- 343.79 

488.62 

144.83 

100 

34.4 

0.002278 

1.47657 

1.47885 

- 326.90 

478.96 

152.06 

105 

56.4 

0.002315 

0.93780 

0.94012 

- 309.79 

468.89 

159.11 

110 

88.2 

0.002353 

0.62208 

0.62443 

- 292.50 

458.41 

165.91 

111.7 

101.3 

0.002367 

0.54760 

0.54997 

- 286.74 

454.85 

168.10 

115 

132.3 

0.002395 

0.42800 

0.43040 

- 275.05 

447.48 

172.42 

120 

191.6 

0.002439 

0.30367 

0.30610 

- 257.45 

436.02 

178.57 

125 

269.0 

0.002486 

0.22108 

0.22357 

- 239.66 

423.97 

184.32 

130 

367.6 

0.002537 

0.16448 

0.16701 

- 221.65 

411.25 

189.60 

135 

490.7 

0.002592 

0.12458 

0.12717 

- 203.40 

397.77 

194.37 

140 

641.6 

0.002653 

0.09575 

0.09841 

- 184.86 

383.42 

198.56 

145 

823.7 

0.002719 

0.07445 

0.07717 

- 165.97 

368.06 

202.09 

150 

1040.5 

0.002794 

0.05839 

0.06118 

- 146.65 

351.53 

204.88 

155 

1295.6 

0.002877 

0.04605 

0.04892 

- 126.82 

333.61 

206.79 

160 

1592.8 

0.002974 

0.03638 

0.03936 

- 106.35 

314.01 

207.66 

165 

1935.9 

0.003086 

0.02868 

0.03177 

- 85.06 

292.30 

207.24 

170 

2329.3 

0.003222 

0.02241 

0.02563 

- 62.67 

267.81 

205.14 

175 

2777.6 

0.003393 

0.01718 

0.02058 

- 38.75 

239.47 

200.72 

180 

3286.4 

0.003623 

0.01266 

0.01629 

- 12.43 

205.16 

192.73 

185 

3863.2 

0.003977 

0.00846 

0.01243 

18.47 

159.49 

177.96 

190 

4520.5 

0.004968 

0.00300 

0.00797 

69.10 

67.01 

136.11 

190.6 

4599.2 

0.006148 

0 

0.00615 

101.46 

0 

101.46 
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TABLE B.7.1 ( continued ) 

Saturated Methane 


Temp. (K) 

P (kPa) 


E nthalpy, kj /kg 

E ntropy, kj /kg-K 

h f 

h fg 

h 9 

Sf 

Sfg 

s s 

90.7 

11.7 

-358.07 

543.12 

185.05 

4.2264 

5.9891 

10.2155 

95 

19.8 

-343.75 

537.18 

193.43 

4.3805 

5.6545 

10.0350 

100 

34.4 

-326.83 

529.77 

202.94 

4.5538 

5.2977 

9.8514 

105 

56.4 

-309.66 

521.82 

212.16 

4.7208 

4.9697 

9.6905 

110 

88.2 

-292.29 

513.29 

221.00 

4.8817 

4.6663 

9.5480 

111.7 

101.3 

-286.50 

510.33 

223.83 

4.9336 

4.5706 

9.5042 

115 

132.3 

-274.74 

504.12 

229.38 

5.0368 

4.3836 

9.4205 

120 

191.6 

-256.98 

494.20 

237.23 

5.1867 

4.1184 

9.3051 

125 

269.0 

-238.99 

483.44 

244.45 

5.3321 

3.8675 

9.1996 

130 

367.6 

-220.72 

471.72 

251.00 

5.4734 

3.6286 

9.1020 

135 

490.7 

—202.13 

458.90 

256.77 

5.6113 

3.3993 

9.0106 

140 

641.6 

-183.16 

444.85 

261.69 

5.7464 

3.1775 

8.9239 

145 

823.7 

-163.73 

429.38 

265.66 

5.8794 

2.9613 

8.8406 

150 

1040.5 

-143.74 

412.29 

268.54 

6.0108 

2.7486 

8.7594 

155 

1295.6 

-123.09 

393.27 

270.18 

6.1415 

2.5372 

8.6787 

160 

1592.8 

-101.61 

371.96 

270.35 

6.2724 

2.3248 

8.5971 

165 

1935.9 

-79.08 

347.82 

268.74 

6.4046 

2.1080 

8.5126 

170 

2329.3 

-55.17 

320.02 

264.85 

6.5399 

1.8824 

8.4224 

175 

2777.6 

-29.33 

287.20 

257.87 

6.6811 

1.6411 

8.3223 

180 

3286.4 

-0.53 

246.77 

246.25 

6.8333 

1.3710 

8.2043 

185 

3863.2 

33.83 

192.16 

226.00 

7.0095 

1.0387 

8.0483 

190 

4520.5 

91.56 

80.58 

172.14 

7.3015 

0.4241 

7.7256 

190.6 

4599.2 

129.74 

0 

129.74 

7.4999 

0 

7.4999 
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TABLE B.7.2 

S uperheated M ethane 


Temp. 

(K) 

V 

(m 3 /kg) 

u 

(kj /kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



100 kPa(111.50K) 



200 kPa (120.61 K) 


Sat. 

0.55665 

167.90 

223.56 

9.5084 

0.29422 

179.30 

238.14 

9.2918 

125 

0.63126 

190.21 

253.33 

9.7606 

0.30695 

186.80 

248.19 

9.3736 

150 

0.76586 

230.18 

306.77 

10.1504 

0.37700 

227.91 

303.31 

9.7759 

175 

0.89840 

269.72 

359.56 

10.4759 

0.44486 

268.05 

357.02 

10.1071 

200 

1.02994 

309.20 

412.19 

10.7570 

0.51165 

307.88 

410.21 

10.3912 

225 

1.16092 

348.90 

464.99 

11.0058 

0.57786 

347.81 

463.38 

10.6417 

250 

1.29154 

389.12 

518.27 

11.2303 

0.64370 

388.19 

516.93 

10.8674 

275 

1.42193 

430.17 

572.36 

11.4365 

0.70931 

429.36 

571.22 

11.0743 

300 

1.55215 

472.36 

627.58 

11.6286 

0.77475 

471.65 

626.60 

11.2670 

325 

1.68225 

516.00 

684.23 

11.8100 

0.84008 

515.37 

683.38 

11.4488 

350 

1.81226 

561.34 

742.57 

11.9829 

0.90530 

560.77 

741.83 

11.6220 

375 

1.94220 

608.58 

802.80 

12.1491 

0.97046 

608.07 

802.16 

11.7885 

400 

2.07209 

657.89 

865.10 

12.3099 

1.03557 

657.41 

864.53 

11.9495 

425 

2.20193 

709.36 

929.55 

12.4661 

1.10062 

708.92 

929.05 

12.1059 
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table B.7.2 ( continued ) 

S uperheated Methane 


Temp. 

(K) 

V 

(m 3 /kg) 

u 

(kj /kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



400 kPa (131.42 K) 



600 kPa (138.72 K) 


Sat. 

0.15427 

191.01 

252.72 

9.0754 

0.10496 

197.54 

260.51 

8.9458 

150 

0.18233 

223.16 

296.09 

9.3843 

0.11717 

218.08 

288.38 

9.1390 

175 

0.21799 

264.61 

351.81 

9.7280 

0.14227 

261.03 

346.39 

9.4970 

200 

0.25246 

305.19 

406.18 

10.0185 

0.16603 

302.44 

402.06 

9.7944 

225 

0.28631 

345.61 

460.13 

10.2726 

0.18911 

343.37 

456.84 

10.0525 

250 

0.31978 

386.32 

514.23 

10.5007 

0.21180 

384.44 

511.52 

10.2830 

275 

0.35301 

427.74 

568.94 

10.7092 

0.23424 

426.11 

566.66 

10.4931 

300 

0.38606 

470.23 

624.65 

10.9031 

0.25650 

468.80 

622.69 

10.6882 

325 

0.41899 

514.10 

681.69 

11.0857 

0.27863 

512.82 

680.00 

10.8716 

350 

0.45183 

559.63 

740.36 

11.2595 

0.30067 

558.48 

738.88 

11.0461 

375 

0.48460 

607.03 

800.87 

11.4265 

0.32264 

605.99 

799.57 

11.2136 

400 

0.51731 

656.47 

863.39 

11.5879 

0.34456 

655.52 

862.25 

11.3754 

425 

0.54997 

708.05 

928.04 

11.7446 

0.36643 

707.18 

927.04 

11.5324 

450 

0.58260 

761.85 

994.89 

11.8974 

0.38826 

761.05 

994.00 

11.6855 

475 

0.61520 

817.89 

1063.97 

12.0468 

0.41006 

817.15 

1063.18 

11.8351 

500 

0.64778 

876.18 

1135.29 

12.1931 

0.43184 

875.48 

1134.59 

11.9816 

525 

0.68033 

936.67 

1208.81 

12.3366 

0.45360 

936.03 

1208.18 

12.1252 



800 kPa (144.40 K) 



1000 kPa (149.13 K) 


Sat. 

0.07941 

201.70 

265.23 

8.8505 

0.06367 

204.45 

268.12 

8.7735 

150 

0.08434 

212.53 

280.00 

8.9509 

0.06434 

206.28 

270.62 

8.7902 

175 

0.10433 

257.30 

340.76 

9.3260 

0.08149 

253.38 

334.87 

9.1871 

200 

0.12278 

299.62 

397.85 

9.6310 

0.09681 

296.73 

393.53 

9.5006 

225 

0.14050 

341.10 

453.50 

9.8932 

0.11132 

338.79 

450.11 

9.7672 

250 

0.15781 

382.53 

508.78 

10.1262 

0.12541 

380.61 

506.01 

10.0028 

275 

0.17485 

424.47 

564.35 

10.3381 

0.13922 

422.82 

562.04 

10.2164 

300 

0.19172 

467.36 

620.73 

10.5343 

0.15285 

465.91 

618.76 

10.4138 

325 

0.20845 

511.55 

678.31 

10.7186 

0.16635 

510.26 

676.61 

10.5990 

350 

0.22510 

557.33 

737.41 

10.8938 

0.17976 

556.18 

735.94 

10.7748 

375 

0.24167 

604.95 

798.28 

11.0617 

0.19309 

603.91 

797.00 

10.9433 

400 

0.25818 

654.57 

861.12 

11.2239 

0.20636 

653.62 

859.98 

11.1059 

425 

0.27465 

706.31 

926.03 

11.3813 

0.21959 

705.44 

925.03 

11.2636 

450 

0.29109 

760.24 

993.11 

11.5346 

0.23279 

759.44 

992.23 

11.4172 

475 

0.30749 

816.40 

1062.40 

11.6845 

0.24595 

815.66 

1061.61 

11.5672 

500 

0.32387 

874.79 

1133.89 

11.8311 

0.25909 

874.10 

1133.19 

11.7141 

525 

0.34023 

935.38 

1207.56 

11.9749 

0.27221 

934.73 

1206.95 

11.8580 

550 

0.35657 

998.14 

1283.45 

12.1161 

0.28531 

997.53 

1282.84 

11.9992 
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TABLE B.7.2 ( continued ) 

S uperheated M ethane 


Temp. 

(°C) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 

V 

(m 3 /kg) 

u 

(kj/kg) 

h 

(kj/kg) 

s 

(kJ/kg-K) 



1500 kPa (158.52 K) 



2000 kPa (165.86 K) 


Sat. 

0.04196 

207.53 

270.47 

8.6215 

0.03062 

207.01 

268.25 

8.4975 

175 

0.05078 

242.64 

318.81 

8.9121 

0.03504 

229.90 

299.97 

8.6839 

200 

0.06209 

289.13 

382.26 

9.2514 

0.04463 

280.91 

370.17 

9.0596 

225 

0.07239 

332.85 

441.44 

9.5303 

0.05289 

326.64 

432.43 

9.3532 

250 

0.08220 

375.70 

499.00 

9.7730 

0.06059 

370.67 

491.84 

9.6036 

275 

0.09171 

418.65 

556.21 

9.9911 

0.06796 

414.40 

550.31 

9.8266 

300 

0.10103 

462.27 

613.82 

10.1916 

0.07513 

458.59 

608.85 

10.0303 

325 

0.11022 

507.04 

672.37 

10.3790 

0.08216 

503.80 

668.12 

10.2200 

350 

0.11931 

553.30 

732.26 

10.5565 

0.08909 

550.40 

728.58 

10.3992 

375 

0.12832 

601.30 

793.78 

10.7263 

0.09594 

598.69 

790.57 

10.5703 

400 

0.13728 

651.24 

857.16 

10.8899 

0.10274 

648.87 

854.34 

10.7349 

425 

0.14619 

703.26 

922.54 

11.0484 

0.10949 

701.08 

920.06 

10.8942 

450 

0.15506 

757.43 

990.02 

11.2027 

0.11620 

755.43 

987.84 

11.0491 

475 

0.16391 

813.80 

1059.66 

11.3532 

0.12289 

811.94 

1057.72 

11.2003 

500 

0.17273 

872.37 

1131.46 

11.5005 

0.12955 

870.64 

1129.74 

11.3480 

525 

0.18152 

933.12 

1205.41 

11.6448 

0.13619 

931.51 

1203.88 

11.4927 

550 

0.19031 

996.02 

1281.48 

11.7864 

0.14281 

994.51 

1280.13 

11.6346 



4000 kPa (186.10 K) 



8000 kPa 


Sat. 

0.01160 

172.96 

219.34 

8.0035 





200 

0.01763 

237.70 

308.23 

8.4675 

0.00412 

55.58 

88.54 

7.2069 

225 

0.02347 

298.52 

392.39 

8.8653 

0.00846 

217.30 

284.98 

8.1344 

250 

0.02814 

349.08 

461.63 

9.1574 

0.01198 

298.05 

393.92 

8.5954 

275 

0.03235 

396.67 

526.07 

9.4031 

0.01469 

357.88 

475.39 

8.9064 

300 

0.03631 

443.48 

588.73 

9.6212 

0.01705 

411.71 

548.15 

9.1598 

325 

0.04011 

490.62 

651.07 

9.8208 

0.01924 

463.52 

617.40 

9.3815 

350 

0.04381 

538.70 

713.93 

10.0071 

0.02130 

515.02 

685.39 

9.5831 

375 

0.04742 

588.18 

777.86 

10.1835 

0.02328 

567.12 

753.34 

9.7706 

400 

0.05097 

639.34 

843.24 

10.3523 

0.02520 

620.38 

821.95 

9.9477 

425 

0.05448 

692.38 

910.31 

10.5149 

0.02707 

675.14 

891.71 

10.1169 

450 

0.05795 

747.43 

979.23 

10.6725 

0.02891 

731.63 

962.92 

10.2796 

475 

0.06139 

804.55 

1050.12 

10.8258 

0.03072 

789.99 

1035.75 

10.4372 

500 

0.06481 

863.78 

1123.01 

10.9753 

0.03251 

850.28 

1110.34 

10.5902 

525 

0.06820 

925.11 

1197.93 

11.1215 

0.03428 

912.54 

1186.74 

10.7393 

550 

0.07158 

988.53 

1274.86 

11.2646 

0.03603 

976.77 

1264.99 

10.8849 

575 

0.07495 

1053.98 

1353.77 

11.4049 

0.03776 

1042.96 

1345.07 

11.0272 


Ideal-Gas Specific 
Heat 


Three types of energy storage or possession were identified in Section 2.6, of which two, 
translation and intramolecular energy, are associated with the individual molecules. These 
comprise the ideal-gas model, with the third type, the system intermolecular potential 
energy, then accounting for the behavior of real (nonideal-gas) substances. This appendix 
deals with the ideal -gas contributions. Si nee these contribute to the energy, and therefore also 
the enthalpy, they also contribute to the specific heat of each gas. The different possibilities 
can be grouped according to the intramolecular energy contributions as follows: 


C.1 


MONATOMIC GASES (INERT GASES AR, HE, NE, 
XE, KR; ALSO N, O, H, CL, F, . . . ) 


dh 

dT 


h — /^translation + ^electronic — hf + he 

dh t dh e 
dT + dT' 


~FF + —fF’ CPO = Oot - 


Cpfle — 2 P ^e(7") 


where the electronic contribution, f e {T), is usually small, except at very high T (common 
exceptions are 0, Cl, F). 


C.2 


DIATOMIC AND LINEAR POLYATOMIC GASES 
(N 2 , 0 2 , CO, OH, ... , C0 2 , N 2 0, . . . ) 


In addition to translational and electronic contributions to specific heat, these also have 
molecular rotation (about the center of mass of the molecule) and also (3a- 5) independent 
modes of molecular vibration of the a atoms in the molecule relative to one another, such 
that 

Cpo = Cpot + CpQr + CpQv + Cpoe — ^ ~F ^ + fv(T) + fe(T) 

where the vibrational contribution is 

fv(T) = R 3 J2 [xfeX/ie? 1 - l) 2 ], x, = % 

i=l ' 


and the electronic contribution, f e (T), is usually small, except at very high T (common 
exceptions are O 2 , NO, OH). 
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EXAMP N 2 , 3a - 5 = 1 vibrational mode, with 0 -, — 3392 K . 

At T = 300 K , Cp 0 = 0.742 + 0.2968 + 0.0005 + ^0 = 1.0393 kj /kg K . 

At T = 1000 K , Cpo = 0.742 + 0.2968 + 0.123 + ^0 = 1.1618 kj /kg K . 

(an increase of 1 1.8% from 300 K). 


EXAMPl CO 2 , 3a - 5 = 4 vibrational modes, with G-, = 960 K, 960 K, 1993 K, 3380 K 

A t T = 300 K , Cp 0 = 0.4723 + 0.1889 + 0.1826 + «0 = 0.8438 kj /kg K . 

At T = 1000 K , Cpo = 0.4723 + 0.1889 + 0.5659 + ^0 = 1.2271 kj /kg K . 

(an increase of 45.4% from 300 K). 


C.3 


NONLINEAR POLYATOMIC MOLECULES 
(H 2 0,NH 3/ CH 4 , C 2 H 6 , ...) 


Contributions to specific heat are similar to those for linear molecules, except that the 
rotational contribution is larger and there are (3a- 6) independent vibrational modes, such 
that 

Cpo = Cpot + CpOr + Cpov + Cpo e = - R + — R + f v (T) + f e (7~) 
where the vibrational contribution is 

fv(T) = R l ]£[**/(«* -l) 2 ], X = | 

/= 1 

and f e (T) is usually small, except at very high temperatures. 


EXAMP CH 4 , 3a - 6 = 9 vibrational modes, with G, = 4196 K, 2207 K (two modes), 1879 K 

(three), 4343 K (three) 

A t T = 300 K , Cp 0 = 1.2958 + 0.7774 + 0.1527 + «0 = 2.2259 kj /kg K . 

At T = 1000 K , Cpo = 1.2958 + 0.7774 + 2.4022 + «0 = 4.4754 kj/kg K . 

(an increase of 101.1% from 300 K). 


Equations of State 


Some of the most used pressure-explicit equations of state can be shown in a form with two 
parameters. This form is known as a cubic equation of state and contains as a special case 
the ideal-gas law: 


p *T a 

v- b v 2 + cbv + d& 

where(a, b) are parameters and (c, d) define the model as shown in thefollowing table with 
the acentric factor M and 


b= bo RTJ P c and a = ao R 2 7" C 2 /P C 


The acentric factor is defined by the saturation pressure at a reduced temperature 
T r = 0.7 

In P r sat at T r = 0.7 


TABLE D.1 

Equations of State 


Model 

c 

d 

bo 

9o 


Ideal gas 

0 

0 

0 

0 


van der Waals 

0 

0 

1/8 

27/64 


Redlich-Kwong 

1 

0 

0.08664 

0.42748 T- 1 ' 2 


Soave 

1 

0 

0.08664 

0.42748[1+ 7(1- 

77 1/2 )] 2 

Peng-Robinson 

2 

-1 

0.0778 

0.45724(1 + 7(1 — 

7"7 1/2 )] 2 


f = 0.48 + 1.574ft) - 0.176ft) 2 for Soave 

f = 0.37464 + 1.54226 co - 0.26992 w 1 for Peng-Robinson 


APPENDIX 



827 




828 ■ APPENDIX D EQUATIONS OF STATE 


TABLE D.2 

The Lee- Kesler E quation of State 


The Lee-Kesler generalized equation of state is 

_ P r V r , B C D Q / y \ l y 

Jr ^ ^ T rK V V? ) \ 

R . bs bn 

B - b '-r r -rrv 

C-r Cl 4 . C3 
C - Cl “7> + 77 

ch 


D = d 1 + ^ 

' r 


in which 


T T „ P v 

r ~Jc r ~~Pc Vr ~RTjPc 


The set of constants is as follows: 

Constant Simple Fluids 


C onstant 


Simple Fluids 


b\ 

bi 

bi 

bn 

Cl 

Cl 


0.118119 3 
0.265 728 
0.154 790 
0.030 323 
0.023 674 4 
0.018 698 4 


C 3 
C 4 

d\ x 10 4 
d 2 x 10 4 

P 

y 


0.0 

0.042 724 
0.155 488 
0.623 689 
0.653 92 
0.060 167 


TABLE D.3 

Saturated L iquid- Vapor C ompressibilides, L ee- Kesler Simple F luid 


Tr 

0.40 

0.50 

0.60 

0.70 

0.80 

0.85 

0.90 

0.95 

1 

P r sat 

2.7E-4 

4.6E-3 

0.028 

0.099 

0.252 

0.373 

0.532 

0.737 

1 

Zf 

6.5E-5 

9.5E-4 

0.0052 

0.017 

0.042 

0.062 

0.090 

0.132 

0.29 

Zg 

0.999 

0.988 

0.957 

0.897 

0.807 

0.747 

0.673 

0.569 

0.29 


TABLE D.4 

Acentric Factor for Some Substances 


Substance 


UJ 

Substance 


<jj 

Ammonia 

nh 3 

0.25 

Water 

H 2 0 

0.344 

Argon 

Ar 

0.001 

/>Butane 

C 4 H 10 

0.199 

Bromine 

Br 2 

0.108 

Ethane 

c 2 h 6 

0.099 

Helium 

He 

-0.365 

M ethane 

ch 4 

0.011 

Neon 

Ne 

-0.029 

R -32 


0.277 

N itrogen 

n 2 

0.039 

R-125 


0.305 
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Reduced pressure, P r 

FIGURE D.1 Lee-Kesler simple fluid compressibility factor. 
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V 
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3 

u 
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■v 

_a 

le 

xl 
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c 

w 



0.01 0.1 1 10 


Reduced pressure, P r 

FIGURE D.2 Lee-Kesler simple fluid enthalpy departure. 
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0.01 0.1 1 10 
Reduced pressure, P r 

FIGURE D.3 Lee-Kesler simple fluid entropy departure. 
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Temperature-entropy diagram for water. 

Keenan, Keyes, Hill, & Moore. STEAM TABLES (International Edition-Metric Units). Copyright © 1969, 
John Wiley & Sons, Inc. 
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ENTHALPY (Btu/ib) 
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FIGURE E.2 Pressure-enthalpy diagram for ammonia. 
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ENTHALPY (Btu/lb) 
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TABLE F.1 

C ritical C onstants (E nglish Units ) 


Substance 

Formula 

Molec. 

Weight 

Temp. 

(R) 

Pressure 

(lbf/in. 2 ) 

Volume 

(ft^/lbm) 

Ammonia 

N H 3 

17.031 

729.9 

1646 

0.0682 

Argon 

Ar 

39.948 

271.4 

706 

0.0300 

Bromine 

Br 2 

159.808 

1058.4 

1494 

0.0127 

Carbon dioxide 

C0 2 

44.010 

547.4 

1070 

0.0342 

Carbon monoxide 

CO 

28.010 

239.2 

508 

0.0533 

Chlorine 

ci 2 

70.906 

750.4 

1157 

0.0280 

Fluorine 

f 2 

37.997 

259.7 

757 

0.0279 

H elium 

He 

4.003 

9.34 

32.9 

0.2300 

H ydrogen (normal) 

h 2 

2.016 

59.76 

188.6 

0.5170 

Krypton 

Kr 

83.800 

376.9 

798 

0.0174 

Neon 

Ne 

20.183 

79.92 

400 

0.0330 

N itric oxide 

NO 

30.006 

324.0 

940 

0.0308 

N itrogen 

n 2 

28.013 

227.2 

492 

0.0514 

N itrogen dioxide 

no 2 

46.006 

775.8 

1465 

0.0584 

N itrous oxide 

n 2 o 

44.013 

557.3 

1050 

0.0354 

Oxygen 

o 2 

31.999 

278.3 

731 

0.0367 

Sulfur dioxide 

S0 2 

64.063 

775.4 

1143 

0.0306 

Water 

H 2 0 

18.015 

1165.1 

3208 

0.0508 

Xenon 

Xe 

131.300 

521.5 

847 

0.0144 

Acetylene 

c 2 h 2 

26.038 

554.9 

891 

0.0693 

Benzene 

c 6 h 6 

78.114 

1012.0 

709 

0.0531 

n-Butane 

C 4 H 10 

58.124 

765.4 

551 

0.0703 

C hlorodifl uoroethane (142b) 

ch 3 ccif 2 

100.495 

738.5 

616 

0.0368 

C hlorodifl uoromethane (22) 

chcif 2 

86.469 

664.7 

721 

0.0307 

Dichlorodifl uoroethane (141) 

ch 3 cci 2 f 

116.950 

866.7 

658 

0.0345 

Dichlorotrifl uoroethane (123) 

chci 2 cf 3 

152.930 

822.4 

532 

0.0291 

D ifl uoroethane (152a) 

chf 2 ch 3 

66.050 

695.5 

656 

0.0435 

Difl uoromethane (32) 

ch 2 f 2 

52.024 

632.3 

838 

0.0378 

Ethane 

c 2 h 6 

30.070 

549.7 

708 

0.0790 

Ethyl alcohol 

c 2 h 5 oh 

46.069 

925.0 

891 

0.0581 

Ethylene 

c 2 h 4 

28.054 

508.3 

731 

0.0744 

n- Heptane 

C 7 H 16 

100.205 

972.5 

397 

0.0691 

n-Hexane 

CeHi4 

86.178 

913.5 

437 

0.0688 

M ethane 

ch 4 

16.043 

342.7 

667 

0.0990 

M ethyl alcohol 

ch 3 oh 

32.042 

922.7 

1173 

0.0590 

n-Octane 

0 

CO 

=c 

03 

114.232 

1023.8 

361 

0.0690 

Pentafluoroethane (125) 

chf 2 cf 3 

120.022 

610.6 

525 

0.0282 

r>Pentane 

CsHi 2 

72.151 

845.5 

489 

0.0675 

Propane 

c 3 h 8 

44.094 

665.6 

616 

0.0964 

Propene 

c 3 h 8 

42.081 

656.8 

667 

0.0689 

Refrigerant mixture 

R-410a 

72.585 

620.1 

711 

0.0349 

Tetrafl uoroethane (134a) 

CF 3 CH 2 F 

102.030 

673.6 

589 

0.0311 
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TABLE F.2 

Properties of Selected Solids at 77 F 


Substance 

P 

(Ibm/ft 3 ) 

C„ 

(Btu/lbm R) 

Asphalt 

132.3 

0.225 

Brick, common 

112.4 

0.20 

Carbon, diamond 

202.9 

0.122 

Carbon, graphite 

125-156 

0.146 

Coal 

75-95 

0.305 

Concrete 

137 

0.21 

Glass, plate 

156 

0.191 

Glass, wool 

1.25 

0.158 

Granite 

172 

0.212 

Ice (32°F) 

57.2 

0.487 

Paper 

43.7 

0.287 

Plexiglas 

73.7 

0.344 

Polystyrene 

57.4 

0.549 

Polyvinyl chloride 

86.1 

0.229 

Rubber, soft 

68.7 

0.399 

Sand, dry 

93.6 

0.191 

Salt, rock 

130-156 

0.2196 

Silicon 

145.5 

0.167 

Snow, firm 

35 

0.501 

Wood, hard (oak) 

44.9 

0.301 

Wood, soft (pine) 

31.8 

0.33 

Wool 

6.24 

0.411 

Metals 



Aluminum, duralumin 

170 

0.215 

B rass, 60-40 

524 

0.0898 

Copper, commercial 

518 

0.100 

Gold 

1205 

0.03082 

Iron, cast 

454 

0.100 

Iron, 304 St Steel 

488 

0.110 

Lead 

708 

0.031 

M agnesium, 2% M n 

111 

0.239 

Nickel, 10% Cr 

541 

0.1066 

Silver, 99.9% Ag 

657 

0.0564 

Sodium 

60.6 

0.288 

Tin 

456 

0.0525 

Tungsten 

1205 

0.032 

Zinc 

446 

0.0927 


TABLE F.3 

Properties of Some L iquids at 77 F 


Substance 

P 

(Ibm/ft 3 ) 

C p 

(Btu/lbm R) 

Ammonia 

37.7 

1.151 

Benzene 

54.9 

0.41 

Butane 

34.7 

0.60 

CCI 4 

98.9 

0.20 

C0 2 

42.5 

0.69 

Ethanol 

48.9 

0.59 

Gasoline 

46.8 

0.50 

Glycerine 

78.7 

0.58 

Kerosene 

50.9 

0.48 

M ethanol 

49.1 

0.61 

n-octane 

43.2 

0.53 

Oil, engine 

55.2 

0.46 

Oil, light 

57 

0.43 

Propane 

31.8 

0.61 

R - 12 

81.8 

0.232 

R -22 

74.3 

0.30 

R -32 

60 

0.463 

R - 125 

74.4 

0.337 

R-134a 

75.3 

0.34 

R-410a 

66.1 

0.40 

Water 

62.2 

1.00 

Liquid Metals 

Bismuth, Bi 

627 

0.033 

Lead, Pb 

665 

0.038 

M ercury, Hg 

848 

0.033 

NaK (56/44) 

55.4 

0.27 

Potassium, K 

51.7 

0.193 

Sodium, Na 

58 

0.33 

Tin, Sn 

434 

0.057 

Zinc, Zn 

410 

0.12 
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TABLE F.4 

Properties of Various Ideal Gases at 77 F, 1 atm* (E nglish Units ) 


Gas 

C hemicai 
Formula 

Mol. Mass 
(Ibm/lbmol) 

R 

(ft-lbf/lbm R) 

p x 10 3 

(Ibm/ft 3 ) 

C p0 C v o 

(Btu/lbm R) 

k 

C polC vo 

Steam 

H 2 0 

18.015 

85.76 

1.442 

0.447 

0.337 

1.327 

Acetylene 

c 2 h 2 

26.038 

59.34 

65.55 

0.406 

0.330 

1.231 

Air 

- 

28.97 

53.34 

72.98 

0.240 

0.171 

1.400 

Ammonia 

nh 3 

17.031 

90.72 

43.325 

0.509 

0.392 

1.297 

Argon 

Ar 

39.948 

38.68 

100.7 

0.124 

0.0745 

1.667 

B utane 

C4H10 

58.124 

26.58 

150.3 

0.410 

0.376 

1.091 

Carbon dioxide 

co 2 

44.01 

35.10 

110.8 

0.201 

0.156 

1.289 

Carbon monoxide 

CO 

28.01 

55.16 

70.5 

0.249 

0.178 

1.399 

Ethane 

c 2 H 6 

30.07 

51.38 

76.29 

0.422 

0.356 

1.186 

Ethanol 

c 2 h 5 oh 

46.069 

33.54 

117.6 

0.341 

0.298 

1.145 

Ethylene 

c 2 h 4 

28.054 

55.07 

71.04 

0.370 

0.299 

1.237 

Helium 

He 

4.003 

386.0 

10.08 

1.240 

0.744 

1.667 

Hydrogen 

h 2 

2.016 

766.5 

5.075 

3.394 

2.409 

1.409 

M ethane 

ch 4 

16.043 

96.35 

40.52 

0.538 

0.415 

1.299 

M ethanol 

CH3OH 

32.042 

48.22 

81.78 

0.336 

0.274 

1.227 

Neon 

Ne 

20.183 

76.55 

50.81 

0.246 

0.148 

1.667 

N itric oxide 

NO 

30.006 

51.50 

75.54 

0.237 

0.171 

1.387 

N itrogen 

n 2 

28.013 

55.15 

70.61 

0.249 

0.178 

1.400 

N itrous oxide 

n 2 o 

44.013 

35.10 

110.8 

0.210 

0.165 

1.274 

n-octane 

CsFI is 

114.23 

13.53 

5.74 

0.409 

0.391 

1.044 

Oxygen 

o 2 

31.999 

48.28 

80.66 

0.220 

0.158 

1.393 

Propane 

c 3 h 8 

44.094 

35.04 

112.9 

0.401 

0.356 

1.126 

R-12 

Ll_ 

120.914 

12.78 

310.9 

0.147 

0.131 

1.126 

R -22 

chcif 2 

86.469 

17.87 

221.0 

0.157 

0.134 

1.171 

R-32 

cf 2 h 2 

52.024 

29.70 

132.6 

0.196 

0.158 

1.242 

R-125 

chf 2 cf 3 

120.022 

12.87 

307.0 

0.189 

0.172 

1.097 

R-134a 

cf 3 ch 2 f 

102.03 

15.15 

262.2 

0.203 

0.184 

1.106 

Sulfur dioxide 

so 2 

64.059 

24.12 

163.4 

0.149 

0.118 

1.263 

Sulfur trioxide 

so 3 

80.053 

19.30 

204.3 

0.152 

0.127 

1.196 


*Or saturation pressure if it is less than 1 atm. 
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TABLE F.5 

Ideal-Gas Properties of Air (English Units), Standard Entropy at 1 atm = 101.325 kPa = 14.696 lbf/in. 2 


T 

(R) 

u 

(Btu/lbm) 

h 

(Btu/lbm) 

s ? 

(Btu/lbm R) 

T 

(R) 

u 

(Btu/lbm) 

h 

(Btu/lbm) 

s ? 

(Btu/lbm R) 

400 

68.212 

95.634 

1.56788 

1950 

357.243 

490.928 

1.96404 

440 

75.047 

105.212 

1.59071 

2000 

367.642 

504.755 

1.97104 

480 

81.887 

114.794 

1.61155 

2050 

378.096 

518.636 

1.97790 

520 

88.733 

124.383 

1.63074 

2100 

388.602 

532.570 

1.98461 

536.67 

91.589 

128.381 

1.63831 

2150 

399.158 

546.554 

1.99119 

540 

92.160 

129.180 

1.63979 

2200 

409.764 

560.588 

1.99765 

560 

95.589 

133.980 

1.64852 

2300 

431.114 

588.793 

2.01018 

600 

102.457 

143.590 

1.66510 

2400 

452.640 

617.175 

2.02226 

640 

109.340 

153.216 

1.68063 

2500 

474.330 

645.721 

2.03391 

680 

116.242 

162.860 

1.69524 

2600 

496.175 

674.421 

2.04517 

720 

123.167 

172.528 

1.70906 

2700 

518.165 

703.267 

2.05606 

760 

130.118 

182.221 

1.72216 

2800 

540.286 

732.244 

2.06659 

800 

137.099 

191.944 

1.73463 

2900 

562.532 

761.345 

2.07681 

840 

144.114 

201.701 

1.74653 

3000 

584.895 

790.564 

2.08671 

880 

151.165 

211.494 

1.75791 

3100 

607.369 

819.894 

2.09633 

920 

158.255 

221.327 

1.76884 

3200 

629.948 

849.328 

2.10567 

960 

165.388 

231.202 

1.77935 

3300 

652.625 

878.861 

2.11476 

1000 

172.564 

241.121 

1.78947 

3400 

675.396 

908.488 

2.12361 

1040 

179.787 

251.086 

1.79924 

3500 

698.257 

938.204 

2.13222 

1080 

187.058 

261.099 

1.80868 

3600 

721.203 

968.005 

2.14062 

1120 

194.378 

271.161 

1.81783 

3700 

744.230 

997.888 

2.14880 

1160 

201.748 

281.273 

1.82670 

3800 

767.334 

1027.848 

2.15679 

1200 

209.168 

291.436 

1.83532 

3900 

790.513 

1057.882 

2.16459 

1240 

216.640 

301.650 

1.84369 

4000 

813.763 

1087.988 

2.17221 

1280 

224.163 

311.915 

1.85184 

4100 

837.081 

1118.162 

2.17967 

1320 

231.737 

322.231 

1.85977 

4200 

860.466 

1148.402 

2.18695 

1360 

239.362 

332.598 

1.86751 

4300 

883.913 

1178.705 

2.19408 

1400 

247.037 

343.016 

1.87506 

4400 

907.422 

1209.069 

2.20106 

1440 

254.762 

353.483 

1.88243 

4500 

930.989 

1239.492 

2.20790 

1480 

262.537 

364.000 

1.88964 

4600 

954.613 

1269.972 

2.21460 

1520 

270.359 

374.565 

1.89668 

4700 

978.292 

1300.506 

2.22117 

1560 

278.230 

385.177 

1.90357 

4800 

1002.023 

1331.093 

2.22761 

1600 

286.146 

395.837 

1.91032 

4900 

1025.806 

1361.732 

2.23392 

1650 

296.106 

409.224 

1.91856 

5000 

1049.638 

1392.419 

2.24012 

1700 

306.136 

422.681 

1.92659 

5100 

1073.518 

1423.155 

2.24621 

1750 

316.232 

436.205 

1.93444 

5200 

1097.444 

1453.936 

2.25219 

1800 

326.393 

449.794 

1.94209 

5300 

1121.414 

1484.762 

2.25806 

1850 

336.616 

463.445 

1.94957 

5400 

1145.428 

1515.632 

2.26383 

1900 

346.901 

477.158 

1.95689 
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TABLE F.6 


Ideal-Gas Properties of Various Substances (E nglish Units), E ntropies atl atm Pressure 


T 

R 

Nitrogen, Diatomic (N 2 ) 
h° f 537 = 0 Btu/lbmol 

M = 28.013 Ibm/lbmol 

Nitrogen, M onatomic (N) 
h° 537 = 203 216 Btu/lbmol 

M= 14.007 Ibm/lbmol 

h-h° 537 

Btu/lbmol 

s? 

Btu/lbmol R 

h-h “ 37 

Btu/lbmol 

s? 

Btu/lbmol R 

0 

-3727 

0 

-2664 

0 

200 

-2341 

38.877 

-1671 

31.689 

400 

-950 

43.695 

-679 

35.130 

537 

0 

45.739 

0 

36.589 

600 

441 

46.515 

314 

37.143 

800 

1837 

48.524 

1307 

38.571 

1000 

3251 

50.100 

2300 

39.679 

1200 

4693 

51.414 

3293 

40.584 

1400 

6169 

52.552 

4286 

41.349 

1600 

7681 

53.561 

5279 

42.012 

1800 

9227 

54.472 

6272 

42.597 

2000 

10804 

55.302 

7265 

43.120 

2200 

12407 

56.066 

8258 

43.593 

2400 

14034 

56.774 

9251 

44.025 

2600 

15681 

57.433 

10244 

44.423 

2800 

17345 

58.049 

11237 

44.791 

3000 

19025 

58.629 

12230 

45.133 

3200 

20717 

59.175 

13223 

45.454 

3400 

22421 

59.691 

14216 

45.755 

3600 

24135 

60.181 

15209 

46.038 

3800 

25857 

60.647 

16202 

46.307 

4000 

27587 

61.090 

17195 

46.562 

4200 

29324 

61.514 

18189 

46.804 

4400 

31068 

61.920 

19183 

47.035 

4600 

32817 

62.308 

20178 

47.256 

4800 

34571 

62.682 

21174 

47.468 

5000 

36330 

63.041 

22171 

47.672 

5500 

40745 

63.882 

24670 

48.148 

6000 

45182 

64.654 

27186 

48.586 

6500 

49638 

65.368 

29724 

48.992 

7000 

54109 

66.030 

32294 

49.373 

7500 

58595 

66.649 

34903 

49.733 

8000 

63093 

67.230 

37559 

50.076 

8500 

67603 

67.777 

40270 

50.405 

9000 

72125 

68.294 

43040 

50.721 

9500 

96658 

68.784 

45875 

51.028 

10000 

81203 

69.250 

48777 

51.325 
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TABLE F.6 ( continued ) 


Ideal-Gas Properties of Various Substances (English Units), Entropies at 1 atm Pressure 


T 

R 

Oxygen, Diatomic (0 2 ) 
h° 537 = 0 Btu/lbmol 

M = 31.999 Ibm/lbmol 

Oxygen, M onatomic (O) 
ft°f 537 = 107 124 Btu/lbmol 

M = 16.00 Ibm/lbmol 

6 -6537 

Btu/lbmol 

s? 

Btu/lbmol R 

ft-ft“ 37 

Btu/lbmol 

s? 

Btu/lbmol R 

0 

-3733 

0 

-2891 

0 

200 

-2345 

42.100 

-1829 

33.041 

400 

-955 

46.920 

-724 

36.884 

537 

0 

48.973 

0 

38.442 

600 

446 

49.758 

330 

39.023 

800 

1881 

51.819 

1358 

40.503 

1000 

3366 

53.475 

2374 

41.636 

1200 

4903 

54.876 

3383 

42.556 

1400 

6487 

56.096 

4387 

43.330 

1600 

8108 

57.179 

5389 

43.999 

1800 

9761 

58.152 

6389 

44.588 

2000 

11438 

59.035 

7387 

45.114 

2200 

13136 

59.844 

8385 

45.589 

2400 

14852 

60.591 

9381 

46.023 

2600 

16584 

61.284 

10378 

46.422 

2800 

18329 

61.930 

11373 

46.791 

3000 

20088 

62.537 

12369 

47.134 

3200 

21860 

63.109 

13364 

47.455 

3400 

23644 

63.650 

14359 

47.757 

3600 

25441 

64.163 

15354 

48.041 

3800 

27250 

64.652 

16349 

48.310 

4000 

29071 

65.119 

17344 

48.565 

4200 

30904 

65.566 

18339 

48.808 

4400 

32748 

65.995 

19334 

49.039 

4600 

34605 

66.408 

20330 

49.261 

4800 

36472 

66.805 

21327 

49.473 

5000 

38350 

67.189 

22325 

49.677 

5500 

43091 

68.092 

24823 

50.153 

6000 

47894 

68.928 

27329 

50.589 

6500 

52751 

69.705 

29847 

50.992 

7000 

57657 

70.433 

32378 

51.367 

7500 

62608 

71.116 

34924 

51.718 

8000 

67600 

71.760 

37485 

52.049 

8500 

72633 

72.370 

40063 

52.362 

9000 

77708 

72.950 

42658 

52.658 

9500 

82828 

73.504 

45270 

52.941 

10000 

87997 

74.034 

47897 

53.210 
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TABLE F.6 ( continued ) 


Ideal-Gas Properties of Various Substances (E nglish Units), E ntropies atl atm Pressure 


T 

R 

Carbon Dioxide (C0 2 ) 

/i 0 f S 3 ? = —169 184 Btu/lbmol 

M = 44.01 Ibm/lbmol 

Carbon Monoxide (CO) 
h° f 537 = -47 51 8 Btu/lbmol 

M = 28.01 Ibm/lbmol 

h-h° 537 

Btu/lbmol 

s? 

Btu/lbmol R 

h-h° 537 

Btu/lbmol 

s? 

Btu/lbmol R 

0 

-4026 

0 

-3728 

0 

200 

-2636 

43.466 

-2343 

40.319 

400 

-1153 

48.565 

-951 

45.137 

537 

0 

51.038 

0 

47.182 

600 

573 

52.047 

441 

47.959 

800 

2525 

54.848 

1842 

49.974 

1000 

4655 

57.222 

3266 

51.562 

1200 

6927 

59.291 

4723 

52.891 

1400 

9315 

61.131 

6220 

54.044 

1600 

11798 

62.788 

7754 

55.068 

1800 

14358 

64.295 

9323 

55.992 

2000 

16982 

65.677 

10923 

56.835 

2200 

19659 

66.952 

12549 

57.609 

2400 

22380 

68.136 

14197 

58.326 

2600 

25138 

69.239 

15864 

58.993 

2800 

27926 

70.273 

17547 

59.616 

3000 

30741 

71.244 

19243 

60.201 

3200 

33579 

72.160 

20951 

60.752 

3400 

36437 

73.026 

22669 

61.273 

3600 

39312 

73.847 

24395 

61.767 

3800 

42202 

74.629 

26128 

62.236 

4000 

45105 

75.373 

27869 

62.683 

4200 

48021 

76.084 

29614 

63.108 

4400 

50948 

76.765 

31366 

63.515 

4600 

53885 

77.418 

33122 

63.905 

4800 

56830 

78.045 

34883 

64.280 

5000 

59784 

78.648 

36650 

64.641 

5500 

67202 

80.062 

41089 

65.487 

6000 

74660 

81.360 

45548 

66.263 

6500 

82155 

82.560 

50023 

66.979 

7000 

89682 

83.675 

54514 

67.645 

7500 

97239 

84.718 

59020 

68.267 

8000 

104823 

85.697 

63539 

68.850 

8500 

112434 

86.620 

68069 

69.399 

9000 

120071 

87.493 

72610 

69.918 

9500 

127734 

88.321 

77161 

70.410 

10000 

135426 

89.110 

81721 

70.878 
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TABLE F.6 ( continued ) 


Ideal-Gas Properties of Various Substances (English Units), Entropies at 1 atm Pressure 


T 

R 

Water (H 2 0) 

/if S 3 ? = -103 966 Btu/lbmol 

M = 18.015 Ibm/lbmol 

A 0 

" f ,53" 

M 

Hydroxyl (OH) 

= 16 761 Btu/lbmol 
= 17.007 Ibm/lbmol 

* ~ *537 

Btu/lbmol 

s? 

Btu/lbmol R 

h~h° 537 s° 

Btu/lbmol Btu/lbmol R 

0 

-4528 

0 

-3943 

0 

200 

-2686 

37.209 

-2484 

36.521 

400 

-1092 

42.728 

-986 

41.729 

537 

0 

45.076 

0 

43.852 

600 

509 

45.973 

452 

44.649 

800 

2142 

48.320 

1870 

46.689 

1000 

3824 

50.197 

3280 

48.263 

1200 

5566 

51.784 

4692 

49.549 

1400 

7371 

53.174 

6112 

50.643 

1600 

9241 

54.422 

7547 

51.601 

1800 

11178 

55.563 

9001 

52.457 

2000 

13183 

56.619 

10477 

53.235 

2200 

15254 

57.605 

11978 

53.950 

2400 

17388 

58.533 

13504 

54.614 

2600 

19582 

59.411 

15054 

55.235 

2800 

21832 

60.245 

16627 

55.817 

3000 

24132 

61.038 

18220 

56.367 

3200 

26479 

61.796 

19834 

56.887 

3400 

28867 

62.520 

21466 

57.382 

3600 

31293 

63.213 

23114 

57.853 

3800 

33756 

63.878 

24777 

58.303 

4000 

36251 

64.518 

26455 

58.733 

4200 

38774 

65.134 

28145 

59.145 

4400 

41325 

65.727 

29849 

59.542 

4600 

43899 

66.299 

31563 

59.922 

4800 

46496 

66.852 

33287 

60.289 

5000 

49114 

67.386 

35021 

60.643 

5500 

55739 

68.649 

39393 

61.477 

6000 

62463 

69.819 

43812 

62.246 

6500 

69270 

70.908 

48272 

62.959 

7000 

76146 

71.927 

52767 

63.626 

7500 

83081 

72.884 

57294 

64.250 

8000 

90069 

73.786 

61851 

64.838 

8500 

97101 

74.639 

66434 

65.394 

9000 

104176 

75.448 

71043 

65.921 

9500 

111289 

76.217 

75677 

66.422 

10000 

118440 

76.950 

80335 

66.900 
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TABLE F.6 ( continued ) 


Ideal-Gas Properties of Various Substances (E nglish Units), E ntropies atl atm Pressure 


T 

R 

Hydrogen (H 2 ) 
h° t 537 = 0 Btu/lbmol 

M = 2.016 Ibm/lbmol 

H ydrogen, M onatomic (H ) 

/if 5 37 = 93 723 Btu/lbmol 

M = 1.008 Ibm/lbmol 

h-/4 

Btu/lbmol 

s? 

Btu/lbmol R 

h~h L 

Btu/lbmol 

s T 

Btu/lbmol R 

0 

-3640 

0 

-2664 

0 

200 

-2224 

24.703 

-1672 

22.473 

400 

-927 

29.193 

-679 

25.914 

537 

0 

31.186 

0 

27.373 

600 

438 

31.957 

314 

27.927 

800 

1831 

33.960 

1307 

29.355 

1000 

3225 

35.519 

2300 

30.463 

1200 

4622 

36.797 

3293 

31.368 

1400 

6029 

37.883 

4286 

32.134 

1600 

7448 

38.831 

5279 

32.797 

1800 

8884 

39.676 

6272 

33.381 

2000 

10337 

40.441 

7265 

33.905 

2200 

11812 

41.143 

8258 

34.378 

2400 

13309 

41.794 

9251 

34.810 

2600 

14829 

42.401 

10244 

35.207 

2800 

16372 

42.973 

11237 

35.575 

3000 

17938 

43.512 

12230 

35.917 

3200 

19525 

44.024 

13223 

36.238 

3400 

21133 

44.512 

14215 

36.539 

3600 

22761 

44.977 

15208 

36.823 

3800 

24407 

45.422 

16201 

37.091 

4000 

26071 

45.849 

17194 

37.346 

4200 

27752 

46.260 

18187 

37.588 

4400 

29449 

46.655 

19180 

37.819 

4600 

31161 

47.035 

20173 

38.040 

4800 

32887 

47.403 

21166 

38.251 

5000 

34627 

47.758 

22159 

38.454 

5500 

39032 

48.598 

24641 

38.927 

6000 

43513 

49.378 

27124 

39.359 

6500 

48062 

50.105 

29606 

39.756 

7000 

52678 

50.789 

32088 

40.124 

7500 

57356 

51.434 

34571 

40.467 

8000 

62094 

52.045 

37053 

40.787 

8500 

66889 

52.627 

39535 

41.088 

9000 

71738 

53.182 

42018 

41.372 

9500 

76638 

53.712 

44500 

41.640 

10000 

81581 

54.220 

46982 

41.895 
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TABLE F.6 ( continued ) 


Ideal-Gas Properties of Various Substances (English Units), Entropies at 1 atm Pressure 


T 

R 

Nitric Oxide (NO) 
h° f 537 = 38 818 Btu/lbmol 

M = 30.006 Ibm/lbmol 

Nitrogen Dioxide (NO 2 ) 
h° 537 = 14 230 Btu/lbmol 

M = 46.005 Ibm/lbmol 

h-h° 537 

Btu/lbmol 

S°T 

Btu/lbmol R 

h-h° S37 

Btu/lbmol 

s? 

Btu/lbmol R 

0 

-3952 

0 

-4379 

0 

200 

-2457 

43.066 

-2791 

49.193 

400 

-979 

48.207 

-1172 

54.789 

537 

0 

50.313 

0 

57.305 

600 

451 

51.107 

567 

58.304 

800 

1881 

53.163 

2469 

61.034 

1000 

3338 

54.788 

4532 

63.333 

1200 

4834 

56.152 

6733 

65.337 

1400 

6372 

57.337 

9044 

67.118 

1600 

7948 

58.389 

11442 

68.718 

1800 

9557 

59.336 

13905 

70.168 

2000 

11193 

60.198 

16421 

71.493 

2200 

12853 

60.989 

18978 

72.712 

2400 

14532 

61.719 

21567 

73.838 

2600 

16228 

62.397 

24182 

74.885 

2800 

17937 

63.031 

26819 

75.861 

3000 

19657 

63.624 

29473 

76.777 

3200 

21388 

64.183 

32142 

77.638 

3400 

23128 

64.710 

34823 

78.451 

3600 

24875 

65.209 

37515 

79.220 

3800 

26629 

65.684 

40215 

79.950 

4000 

28389 

66.135 

42923 

80.645 

4200 

30154 

66.565 

45637 

81.307 

4400 

31924 

66.977 

48358 

81.940 

4600 

33698 

67.371 

51083 

82.545 

4800 

35476 

67.750 

53813 

83.126 

5000 

37258 

68.113 

56546 

83.684 

5500 

41726 

68.965 

63395 

84.990 

6000 

46212 

69.746 

70260 

86.184 

6500 

50714 

70.467 

77138 

87.285 

7000 

55229 

71.136 

84026 

88.306 

7500 

59756 

71.760 

90923 

89.258 

8000 

64294 

72.346 

97826 

90.149 

8500 

68842 

72.898 

104735 

90.986 

9000 

73401 

73.419 

111648 

91.777 

9500 

77968 

73.913 

118565 

92.525 

10000 

82544 

74.382 

125485 

93.235 
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TABLE F.7 

Thermodynamic Properties of Water 

TABLE F.7.1 

Saturated Water 


Temp. 

(F) 

Press. 

(psia) 

Specific Volume, ft 3 /lbm 

1 nternal E nergy, Btu/lbm 

Sat. Liquid 

Vf 

Evap. 

Vfg 

Sat. Vapor 

Vg 

Sat. Liquid 

Uf 

Evap. 

Ufg 

Sat. Vapor 

Ug 

32 

0.0887 

0.01602 

3301.6545 

3301.6705 

0 

1021.21 

1021.21 

35 

0.100 

0.01602 

2947.5021 

2947.5181 

2.99 

1019.20 

1022.19 

40 

0.122 

0.01602 

2445.0713 

2445.0873 

8.01 

1015.84 

1023.85 

45 

0.147 

0.01602 

2036.9527 

2036.9687 

13.03 

1012.47 

1025.50 

50 

0.178 

0.01602 

1703.9867 

1704.0027 

18.05 

1009.10 

1027.15 

60 

0.256 

0.01603 

1206.7283 

1206.7443 

28.08 

1002.36 

1030.44 

70 

0.363 

0.01605 

867.5791 

867.5952 

38.09 

995.64 

1033.72 

80 

0.507 

0.01607 

632.6739 

632.6900 

48.08 

988.91 

1036.99 

90 

0.699 

0.01610 

467.5865 

467.6026 

58.06 

982.18 

1040.24 

100 

0.950 

0.01613 

349.9602 

349.9764 

68.04 

975.43 

1043.47 

110 

1.276 

0.01617 

265.0548 

265.0709 

78.01 

968.67 

1046.68 

120 

1.695 

0.01620 

203.0105 

203.0267 

87.99 

961.88 

1049.87 

130 

2.225 

0.01625 

157.1419 

157.1582 

97.96 

955.07 

1053.03 

140 

2.892 

0.01629 

122.8567 

122.8730 

107.95 

948.21 

1056.16 

150 

3.722 

0.01634 

96.9611 

96.9774 

117.94 

941.32 

1059.26 

160 

4.745 

0.01639 

77.2079 

77.2243 

127.94 

934.39 

1062.32 

170 

5.997 

0.01645 

61.9983 

62.0148 

137.94 

927.41 

1065.35 

180 

7.515 

0.01651 

50.1826 

50.1991 

147.96 

920.38 

1068.34 

190 

9.344 

0.01657 

40.9255 

40.9421 

157.99 

913.29 

1071.29 

200 

11.530 

0.01663 

33.6146 

33.6312 

168.03 

906.15 

1074.18 

210 

14.126 

0.01670 

27.7964 

27.8131 

178.09 

898.95 

1077.04 

212.0 

14.696 

0.01672 

26.7864 

26.8032 

180.09 

897.51 

1077.60 

220 

17.189 

0.01677 

23.1325 

23.1492 

188.16 

891.68 

1079.84 

230 

20.781 

0.01685 

19.3677 

19.3846 

198.25 

884.33 

1082.58 

240 

24.968 

0.01692 

16.3088 

16.3257 

208.36 

876.91 

1085.27 

250 

29.823 

0.01700 

13.8077 

13.8247 

218.48 

869.41 

1087.90 

260 

35.422 

0.01708 

11.7503 

11.7674 

228.64 

861.82 

1090.46 

270 

41.848 

0.01717 

10.0483 

10.0655 

238.81 

854.14 

1092.95 

280 

49.189 

0.01726 

8.6325 

8.6498 

249.02 

846.35 

1095.37 

290 

57.535 

0.01735 

7.4486 

7.4660 

259.25 

838.46 

1097.71 

300 

66.985 

0.01745 

6.4537 

6.4712 

269.51 

830.45 

1099.96 

310 

77.641 

0.01755 

5.6136 

5.6312 

279.80 

822.32 

1102.13 

320 

89.609 

0.01765 

4.9010 

4.9186 

290.13 

814.07 

1104.20 

330 

103.00 

0.01776 

4.2938 

4.3115 

300.50 

805.68 

1106.17 

340 

117.94 

0.01787 

3.7742 

3.7921 

310.90 

797.14 

1108.04 

350 

134.54 

0.01799 

3.3279 

3.3459 

321.35 

788.45 

1109.80 
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TABLE F.7.1 ( continued ) 

Saturated Water 


Temp. 

(F) 

Press. 

(psia) 


Enthalpy, Btu/lbm 

E ntropy, Btu/lbm R 

Sat. Liquid 

hf 

Evap. 

h fg 

Sat. Vapor 

Sat. Liquid 

Sf 

Evap. 

Sfg 

Sat. Vapor 

Sg 

32 

0.0887 

0 

1075.38 

1075.39 

0 

2.1869 

2.1869 

35 

0.100 

2.99 

1073.71 

1076.70 

0.0061 

2.1703 

2.1764 

40 

0.122 

8.01 

1070.89 

1078.90 

0.0162 

2.1430 

2.1591 

45 

0.147 

13.03 

1068.06 

1081.10 

0.0262 

2.1161 

2.1423 

50 

0.178 

18.05 

1065.24 

1083.29 

0.0361 

2.0898 

2.1259 

60 

0.256 

28.08 

1059.59 

1087.67 

0.0555 

2.0388 

2.0943 

70 

0.363 

38.09 

1053.95 

1092.04 

0.0746 

1.9896 

2.0642 

80 

0.507 

48.08 

1048.31 

1096.39 

0.0933 

1.9423 

2.0356 

90 

0.699 

58.06 

1042.65 

1100.72 

0.1116 

1.8966 

2.0083 

100 

0.950 

68.04 

1036.98 

1105.02 

0.1296 

1.8526 

1.9822 

110 

1.276 

78.01 

1031.28 

1109.29 

0.1473 

1.8101 

1.9574 

120 

1.695 

87.99 

1025.55 

1113.54 

0.1646 

1.7690 

1.9336 

130 

2.225 

97.97 

1019.78 

1117.75 

0.1817 

1.7292 

1.9109 

140 

2.892 

107.96 

1013.96 

1121.92 

0.1985 

1.6907 

1.8892 

150 

3.722 

117.95 

1008.10 

1126.05 

0.2150 

1.6533 

1.8683 

160 

4.745 

127.95 

1002.18 

1130.14 

0.2313 

1.6171 

1.8484 

170 

5.997 

137.96 

996.21 

1134.17 

0.2473 

1.5819 

1.8292 

180 

7.515 

147.98 

990.17 

1138.15 

0.2631 

1.5478 

1.8109 

190 

9.344 

158.02 

984.06 

1142.08 

0.2786 

1.5146 

1.7932 

200 

11.530 

168.07 

977.87 

1145.94 

0.2940 

1.4822 

1.7762 

210 

14.126 

178.13 

971.61 

1149.74 

0.3091 

1.4507 

1.7599 

212.0 

14.696 

180.13 

970.35 

1150.49 

0.3121 

1.4446 

1.7567 

220 

17.189 

188.21 

965.26 

1153.47 

0.3240 

1.4201 

1.7441 

230 

20.781 

198.31 

958.81 

1157.12 

0.3388 

1.3901 

1.7289 

240 

24.968 

208.43 

952.27 

1160.70 

0.3533 

1.3609 

1.7142 

250 

29.823 

218.58 

945.61 

1164.19 

0.3677 

1.3324 

1.7001 

260 

35.422 

228.75 

938.84 

1167.59 

0.3819 

1.3044 

1.6864 

270 

41.848 

238.95 

931.95 

1170.90 

0.3960 

1.2771 

1.6731 

280 

49.189 

249.17 

924.93 

1174.10 

0.4098 

1.2504 

1.6602 

290 

57.535 

259.43 

917.76 

1177.19 

0.4236 

1.2241 

1.6477 

300 

66.985 

269.73 

910.45 

1180.18 

0.4372 

1.1984 

1.6356 

310 

77.641 

280.06 

902.98 

1183.03 

0.4507 

1.1731 

1.6238 

320 

89.609 

290.43 

895.34 

1185.76 

0.4640 

1.1483 

1.6122 

330 

103.00 

300.84 

887.52 

1188.36 

0.4772 

1.1238 

1.6010 

340 

117.94 

311.29 

879.51 

1190.80 

0.4903 

1.0997 

1.5900 

350 

134.54 

321.80 

871.30 

1193.10 

0.5033 

1.0760 

1.5793 
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TABLE F.7.1 ( continued ) 

Saturated Water 


Specific Volume, f^/lbm I nternal E nergy, Btu/lbm 


Temp. 

(F) 

Press. 

(psia) 

Sat. Liquid 

Vf 

Evap. 

Vfg 

Sat. Vapor 

Vg 

Sat. Liquid 

Uf 

Evap. 

Ufg 

Sat. Vapor 
“s 

360 

152.93 

0.01811 

2.9430 

2.9611 

331.83 

779.60 

1111.43 

370 

173.24 

0.01823 

2.6098 

2.6280 

342.37 

770.57 

1112.94 

380 

195.61 

0.01836 

2.3203 

2.3387 

352.95 

761.37 

1114.31 

390 

220.17 

0.01850 

2.0680 

2.0865 

363.58 

751.97 

1115.55 

400 

347.08 

0.01864 

1.8474 

1.8660 

374.26 

742.37 

1116.63 

410 

276.48 

0.01878 

1.6537 

1.6725 

385.00 

732.56 

1117.56 

420 

308.52 

0.01894 

1.4833 

1.5023 

395.80 

722.52 

1118.32 

430 

343.37 

0.01909 

1.3329 

1.3520 

406.67 

712.24 

1118.91 

440 

381.18 

0.01926 

1.1998 

1.2191 

417.61 

701.71 

1119.32 

450 

422.13 

0.01943 

1.0816 

1.1011 

428.63 

690.90 

1119.53 

460 

466.38 

0.01961 

0.9764 

0.9961 

439.73 

679.82 

1119.55 

470 

514.11 

0.01980 

0.8826 

0.9024 

450.92 

668.43 

1119.35 

480 

565.50 

0.02000 

0.7986 

0.8186 

462.21 

656.72 

1118.93 

490 

620.74 

0.02021 

0.7233 

0.7435 

473.60 

644.67 

1118.28 

500 

680.02 

0.02043 

0.6556 

0.6761 

485.11 

632.26 

1117.37 

510 

743.53 

0.02066 

0.5946 

0.6153 

496.75 

619.46 

1116.21 

520 

811.48 

0.02091 

0.5395 

0.5604 

508.53 

606.23 

1114.76 

530 

884.07 

0.02117 

0.4896 

0.5108 

520.46 

592.56 

1113.02 

540 

961.51 

0.02145 

0.4443 

0.4658 

532.56 

578.39 

1110.95 

550 

1044.02 

0.02175 

0.4031 

0.4249 

544.85 

563.69 

1108.54 

560 

1131.85 

0.02207 

0.3656 

0.3876 

557.35 

548.42 

1105.76 

570 

1225.21 

0.02241 

0.3312 

0.3536 

570.07 

532.50 

1102.56 

580 

1324.37 

0.02278 

0.2997 

0.3225 

583.05 

515.87 

1098.91 

590 

1429.58 

0.02318 

0.2707 

0.2939 

596.31 

498.44 

1094.76 

600 

1541.13 

0.02362 

0.2440 

0.2676 

609.91 

480.11 

1090.02 

610 

1659.32 

0.02411 

0.2193 

0.2434 

623.87 

460.76 

1084.63 

620 

1784.48 

0.02465 

0.1963 

0.2209 

638.26 

440.20 

1078.46 

630 

1916.96 

0.02525 

0.1747 

0.2000 

653.17 

418.22 

1071.38 

640 

2057.17 

0.02593 

0.1545 

0.1804 

668.68 

394.52 

1063.20 

650 

2205.54 

0.02673 

0.1353 

0.1620 

684.96 

368.66 

1053.63 

660 

2362.59 

0.02766 

0.1169 

0.1446 

702.24 

340.02 

1042.26 

670 

2528.88 

0.02882 

0.0990 

0.1278 

720.91 

307.52 

1028.43 

680 

2705.09 

0.03031 

0.0809 

0.1112 

741.70 

269.26 

1010.95 

690 

2891.99 

0.03248 

0.0618 

0.0943 

766.34 

220.82 

987.16 

700 

3090.47 

0.03665 

0.0377 

0.0743 

801.66 

145.92 

947.57 

705.4 

3203.79 

0.05053 

0 

0.0505 

872.56 

0 

872.56 
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TABLE F.7.1 ( continued ) 

Saturated Water 


Temp. 

(F) 

Press. 

(psia) 

Enthalpy, Btu/lbm 

E ntropy, Btu/lbm R 

Sat. Liquid 

hf 

Evap. 

h fg 

Sat. Vapor 
hg 

Sat. Liquid 

S f 

Evap. 

Sfg 

Sat. Vapor 

s g 

360 

152.93 

332.35 

862.88 

1195.23 

0.5162 

1.0526 

1.5688 

370 

173.24 

342.95 

854.24 

1197.19 

0.5289 

1.0295 

1.5584 

380 

195.61 

353.61 

845.36 

1198.97 

0.5416 

1.0067 

1.5483 

390 

220.17 

364.33 

836.23 

1200.56 

0.5542 

0.9841 

1.5383 

400 

247.08 

375.11 

826.84 

1201.95 

0.5667 

0.9617 

1.5284 

410 

276.48 

385.96 

817.17 

1203.13 

0.5791 

0.9395 

1.5187 

420 

308.52 

396.89 

807.20 

1204.09 

0.5915 

0.9175 

1.5090 

430 

343.37 

407.89 

796.93 

1204.82 

0.6038 

0.8957 

1.4995 

440 

381.18 

418.97 

786.34 

1205.31 

0.6160 

0.8740 

1.4900 

450 

422.13 

430.15 

775.40 

1205.54 

0.6282 

0.8523 

1.4805 

460 

466.38 

441.42 

764.09 

1205.51 

0.6404 

0.8308 

1.4711 

470 

514.11 

452.80 

752.40 

1205.20 

0.6525 

0.8093 

1.4618 

480 

565.50 

464.30 

740.30 

1204.60 

0.6646 

0.7878 

1.4524 

490 

620.74 

475.92 

727.76 

1203.68 

0.6767 

0.7663 

1.4430 

500 

680.02 

487.68 

714.76 

1202.44 

0.6888 

0.7447 

1.4335 

510 

743.53 

499.59 

701.27 

1200.86 

0.7009 

0.7232 

1.4240 

520 

811.48 

511.67 

687.25 

1198.92 

0.7130 

0.7015 

1.4144 

530 

884.07 

523.93 

672.66 

1196.58 

0.7251 

0.6796 

1.4048 

540 

961.51 

536.38 

657.45 

1193.83 

0.7374 

0.6576 

1.3950 

550 

1044.02 

549.05 

641.58 

1190.63 

0.7496 

0.6354 

1.3850 

560 

1131.85 

561.97 

624.98 

1186.95 

0.7620 

0.6129 

1.3749 

570 

1225.21 

575.15 

607.59 

1182.74 

0.7745 

0.5901 

1.3646 

580 

1324.37 

588.63 

589.32 

1177.95 

0.7871 

0.5668 

1.3539 

590 

1429.58 

602.45 

570.06 

1172.51 

0.7999 

0.5431 

1.3430 

600 

1541.13 

616.64 

549.71 

1166.35 

0.8129 

0.5187 

1.3317 

610 

1659.32 

631.27 

528.08 

1159.36 

0.8262 

0.4937 

1.3199 

620 

1784.48 

646.40 

505.00 

1151.41 

0.8397 

0.4677 

1.3075 

630 

1916.96 

662.12 

480.21 

1142.33 

0.8537 

0.4407 

1.2943 

640 

2057.17 

678.55 

453.33 

1131.89 

0.8681 

0.4122 

1.2803 

650 

2205.54 

695.87 

423.89 

1119.76 

0.8831 

0.3820 

1.2651 

660 

2362.59 

714.34 

391.13 

1105.47 

0.8990 

0.3493 

1.2483 

670 

2528.88 

734.39 

353.83 

1088.23 

0.9160 

0.3132 

1.2292 

680 

2705.09 

756.87 

309.77 

1066.64 

0.9350 

0.2718 

1.2068 

690 

2891.99 

783.72 

253.88 

1037.60 

0.9575 

0.2208 

1.1783 

700 

3090.47 

822.61 

167.47 

990.09 

0.9901 

0.1444 

1.1345 

705.4 

3203.79 

902.52 

0 

902.52 

1.0580 

0 

1.0580 
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TABLE F.7.2 

Superheated Vapor Water 


Temp. 

V 

u 

h 

s 

M 

u 

h 

s 

(F) 

(ftVlbm) 

(Btu/lbm) 

(Btu/lbm) 

(Btu/lbm R) 

(ftVlbm) 

(Btu/lbm) 

(Btu/lbm) 

(Btu/lbm R) 



lpsia (101.70 F) 



5 psia (162.20 F) 


Sat. 

333.58 

1044.02 

1105.75 

1.9779 

73.531 

1062.99 

1131.03 

1.8441 

200 

392.51 

1077.49 

1150.12 

2.0507 

78.147 

1076.25 

1148.55 

1.8715 

240 

416.42 

1091.22 

1168.28 

2.0775 

83.001 

1090.25 

1167.05 

1.8987 

280 

440.32 

1105.02 

1186.50 

2.1028 

87.831 

1104.27 

1185.53 

1.9244 

320 

464.19 

1118.92 

1204.82 

2.1269 

92.645 

1118.32 

1204.04 

1.9487 

360 

488.05 

1132.92 

1223.23 

2.1499 

97.447 

1132.42 

1222.59 

1.9719 

400 

511.91 

1147.02 

1241.75 

2.1720 

102.24 

1146.61 

1241.21 

1.9941 

440 

535.76 

1161.23 

1260.37 

2.1932 

107.03 

1160.89 

1259.92 

2.0154 

500 

571.53 

1182.77 

1288.53 

2.2235 

114.21 

1182.50 

1288.17 

2.0458 

600 

631.13 

1219.30 

1336.09 

2.2706 

126.15 

1219.10 

1335.82 

2.0930 

700 

690.72 

1256.65 

1384.47 

2.3142 

138.08 

1256.50 

1384.26 

2.1367 

800 

750.30 

1294.86 

1433.70 

2.3549 

150.01 

1294.73 

1433.53 

2.1774 

900 

809.88 

1333.94 

1483.81 

2.3932 

161.94 

1333.84 

1483.68 

2.2157 

1000 

869.45 

1373.93 

1534.82 

2.4294 

173.86 

1373.85 

1534.71 

2.2520 

1100 

929.03 

1414.83 

1586.75 

2.4638 

185.78 

1414.77 

1586.66 

2.2864 

1200 

988.60 

1456.67 

1639.61 

2.4967 

197.70 

1456.61 

1639.53 

2.3192 

1300 

1048.17 

1499.43 

1693.40 

2.5281 

209.62 

1499.38 

1693.33 

2.3507 

1400 

1107.74 

1543.13 

1748.12 

2.5584 

221.53 

1543.09 

1748.06 

2.3809 



10 psia (193.19 F) 



14.696 psia (211.99 F) 


Sat. 

38.424 

1072.21 

1143.32 

1.7877 

26.803 

1077.60 

1150.49 

1.7567 

200 

38.848 

1074.67 

1146.56 

1.7927 

- 

- 

- 

- 

240 

41.320 

1089.03 

1165.50 

1.8205 

27.999 

1087.87 

1164.02 

1.7764 

280 

43.768 

1103.31 

1184.31 

1.8467 

29.687 

1102.40 

1183.14 

1.8030 

320 

46.200 

1117.56 

1203.05 

1.8713 

31.359 

1116.83 

1202.11 

1.8280 

360 

48.620 

1131.81 

1221.78 

1.8948 

33.018 

1131.22 

1221.01 

1.8516 

400 

51.032 

1146.10 

1240.53 

1.9171 

34.668 

1145.62 

1239.90 

1.8741 

440 

53.438 

1160.46 

1259.34 

1.9385 

36.313 

1160.05 

1258.80 

1.8956 

500 

57.039 

1182.16 

1287.71 

1.9690 

38.772 

1181.83 

1287.27 

1.9262 

600 

63.027 

1218.85 

1335.48 

2.0164 

42.857 

1218.61 

1335.16 

1.9737 

700 

69.006 

1256.30 

1384.00 

2.0601 

46.932 

1256.12 

1383.75 

2.0175 

800 

74.978 

1294.58 

1433.32 

2.1009 

51.001 

1294.43 

1433.13 

2.0584 

900 

80.946 

1333.72 

1483.51 

2.1392 

55.066 

1333.60 

1483.35 

2.0967 

1000 

86.912 

1373.74 

1534.57 

2.1755 

59.128 

1373.65 

1534.44 

2.1330 

1100 

92.875 

1414.68 

1586.54 

2.2099 

63.188 

1414.60 

1586.44 

2.1674 

1200 

98.837 

1456.53 

1639.43 

2.2428 

67.247 

1456.47 

1639.34 

2.2003 

1300 

104.798 

1499.32 

1693.25 

2.2743 

71.304 

1499.26 

1693.17 

2.2318 

1400 

110.759 

1543.03 

1747.99 

2.3045 

75.361 

1542.98 

1747.92 

2.2620 

1500 

116.718 

1587.67 

1803.66 

2.3337 

79.417 

1587.63 

1803.60 

2.2912 

1600 

122.678 

1633.24 

1860.25 

2.3618 

83.473 

1633.20 

1860.20 

2.3194 
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TABLE F.7.2 ( continued ) 

Superheated Vapor Water 


Temp. 

M 

u 

h 

s 

V 

u 

h 

s 

(F) 

(ftVlbm) 

(Btu/lbm) 

(Btu/lbm) 

(Btu/lbm R) 

(ftVlbm) 

(Btu/lbm) 

(Btu/lbm) 

(Btu/lbm R) 



20 psia 

(227.96 F) 



40 psia 

(267.26 F) 


Sat. 

20.091 

1082.02 

1156.38 

1.7320 

10.501 

1092.27 

1170.00 

1.6767 

240 

20.475 

1086.54 

1162.32 

1.7405 

— 

- 

- 

- 

280 

21.734 

1101.36 

1181.80 

1.7676 

10.711 

1097.31 

1176.59 

1.6857 

320 

22.976 

1116.01 

1201.04 

1.7929 

11.360 

1112.81 

1196.90 

1.7124 

360 

24.206 

1130.55 

1220.14 

1.8168 

11.996 

1127.98 

1216.77 

1.7373 

400 

25.427 

1145.06 

1239.17 

1.8395 

12.623 

1142.95 

1236.38 

1.7606 

440 

26.642 

1159.59 

1258.19 

1.8611 

13.243 

1157.82 

1255.84 

1.7827 

500 

28.456 

1181.46 

1286.78 

1.8919 

14.164 

1180.06 

1284.91 

1.8140 

600 

31.466 

1218.35 

1334.80 

1.9395 

15.685 

1217.33 

1333.43 

1.8621 

700 

34.466 

1255.91 

1383.47 

1.9834 

17.196 

1255.14 

1382.42 

1.9063 

800 

37.460 

1294.27 

1432.91 

2.0243 

18.701 

1293.65 

1432.08 

1.9474 

900 

40.450 

1333.47 

1483.17 

2.0626 

20.202 

1332.96 

1482.50 

1.9859 

1000 

43.437 

1373.54 

1534.30 

2.0989 

21.700 

1373.12 

1533.74 

2.0222 

1100 

46.422 

1414.51 

1586.32 

2.1334 

23.196 

1414.16 

1585.86 

2.0568 

1200 

49.406 

1456.39 

1639.24 

2.1663 

24.690 

1456.09 

1638.85 

2.0897 

1300 

52.389 

1499.19 

1693.08 

2.1978 

26.184 

1498.94 

1692.75 

2.1212 

1400 

55.371 

1542.92 

1747.85 

2.2280 

27.677 

1542.70 

1747.56 

2.1515 

1500 

58.352 

1587.58 

1803.54 

2.2572 

29.169 

1587.38 

1803.29 

2.1807 

1600 

61.333 

1633.15 

1860.14 

2.2854 

30.660 

1632.97 

1859.92 

2.2089 



60 psia 

(292.73 F) 



80 psia 

(312.06 F) 


Sat. 

7.177 

1098.33 

1178.02 

1.6444 

5.474 

1102.56 

1183.61 

1.6214 

320 

7.485 

1109.46 

1192.56 

1.6633 

5.544 

1105.95 

1188.02 

1.6270 

360 

7.924 

1125.31 

1213.29 

1.6893 

5.886 

1122.53 

1209.67 

1.6541 

400 

8.353 

1140.77 

1233.52 

1.7134 

6.217 

1138.53 

1230.56 

1.6790 

440 

8.775 

1156.01 

1253.44 

1.7360 

6.541 

1154.15 

1250.98 

1.7022 

500 

9.399 

1178.64 

1283.00 

1.7678 

7.017 

1177.19 

1281.07 

1.7346 

600 

10.425 

1216.31 

1332.06 

1.8165 

7.794 

1215.28 

1330.66 

1.7838 

700 

11.440 

1254.35 

1381.37 

1.8609 

8.561 

1253.57 

1380.31 

1.8285 

800 

12.448 

1293.03 

1431.24 

1.9022 

9.322 

1292.41 

1430.40 

1.8700 

900 

13.452 

1332.46 

1481.82 

1.9408 

10.078 

1331.95 

1481.14 

1.9087 

1000 

14.454 

1372.71 

1533.19 

1.9773 

10.831 

1372.29 

1532.63 

1.9453 

1100 

15.454 

1413.81 

1585.39 

2.0119 

11.583 

1413.46 

1584.93 

1.9799 

1200 

16.452 

1455.80 

1638.46 

2.0448 

12.333 

1455.51 

1638.08 

2.0129 

1300 

17.449 

1498.69 

1692.42 

2.0764 

13.082 

1498.43 

1692.09 

2.0445 

1400 

18.445 

1542.48 

1747.28 

2.1067 

13.830 

1542.26 

1746.99 

2.0749 

1500 

19.441 

1587.18 

1803.04 

2.1359 

14.577 

1586.99 

1802.79 

2.1041 

1600 

20.436 

1632.79 

1859.70 

2.1641 

15.324 

1632.62 

1859.48 

2.1323 

1800 

22.426 

1726.69 

1975.69 

2.2178 

16.818 

1726.54 

1975.50 

2.1861 

2000 

24.415 

1824.02 

2095.10 

2.2685 

18.310 

1823.88 

2094.94 

2.2367 
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TABLE F.7.2 ( continued ) 

Superheated Vapor Water 


Temp. 

V 

u 

h 

s 

V 

u 

h 

s 

(F) 

(ftVlbm) 

(Btu/lbm) 

(Btu/lbm) 

(Btu/lbm R) 

(tf/lbm) 

(Btu/lbm) 

(Btu/lbm) 

(Btu/lbm R) 



100 psia (327.85 F) 



150 psia (358.47 F) 


Sat. 

4.4340 

1105.76 

1187.81 

1.6034 

3.0163 

1111.19 

1194.91 

1.5704 

350 

4.5917 

1115.39 

1200.36 

1.6191 

- 

- 

- 

- 

400 

4.9344 

1136.21 

1227.53 

1.6517 

3.2212 

1130.10 

1219.51 

1.5997 

450 

5.2646 

1156.20 

1253.62 

1.6812 

3.4547 

1151.47 

1247.36 

1.6312 

500 

5.5866 

1175.72 

1279.10 

1.7085 

3.6789 

1171.93 

1274.04 

1.6598 

550 

5.9032 

1195.02 

1304.25 

1.7340 

3.8970 

1191.88 

1300.05 

1.6862 

600 

6.2160 

1214.23 

1329.26 

1.7582 

4.1110 

1211.58 

1325.69 

1.7110 

700 

6.8340 

1252.78 

1379.24 

1.8033 

4.5309 

1250.78 

1376.55 

1.7568 

800 

7.4455 

1291.78 

1429.56 

1.8449 

4.9441 

1290.21 

1427.44 

1.7989 

900 

8.0528 

1331.45 

1480.47 

1.8838 

5.3529 

1330.18 

1478.76 

1.8381 

1000 

8.6574 

1371.87 

1532.08 

1.9204 

5.7590 

1370.83 

1530.68 

1.8750 

1100 

9.2599 

1413.12 

1584.47 

1.9551 

6.1630 

1412.24 

1583.31 

1.9098 

1200 

9.8610 

1455.21 

1637.69 

1.9882 

6.5655 

1454.47 

1636.71 

1.9430 

1300 

10.4610 

1498.18 

1691.76 

2.0198 

6.9670 

1497.55 

1690.93 

1.9747 

1400 

11.0602 

1542.04 

1746.71 

2.0502 

7.3677 

1541.49 

1745.99 

2.0052 

1500 

11.6588 

1586.79 

1802.54 

2.0794 

7.7677 

1586.30 

1801.91 

2.0345 

1600 

12.2570 

1632.44 

1859.25 

2.1076 

8.1673 

1632.00 

1858.70 

2.0627 

1800 

13.4525 

1726.38 

1975.32 

2.1614 

8.9657 

1726.00 

1974.86 

2.1165 

2000 

14.6472 

1823.74 

2094.78 

2.2120 

9.7633 

1823.38 

2094.38 

2.1672 



200 psia (381.86 F) 



300 psia (417.42 F) 


Sat. 

2.2892 

1114.55 

1199.28 

1.5464 

1.5441 

1118.14 

1203.86 

1.5115 

400 

2.3609 

1123.45 

1210.83 

1.5600 

- 

- 

- 

— 

450 

2.5477 

1146.44 

1240.73 

1.5938 

1.6361 

1135.37 

1226.20 

1.5365 

500 

2.7238 

1167.96 

1268.77 

1.6238 

1.7662 

1159.47 

1257.52 

1.5701 

550 

2.8932 

1188.65 

1295.72 

1.6512 

1.8878 

1181.85 

1286.65 

1.5997 

600 

3.0580 

1208.87 

1322.05 

1.6767 

2.0041 

1203.24 

1314.50 

1.6266 

700 

3.3792 

1248.76 

1373.82 

1.7234 

2.2269 

1244.63 

1368.26 

1.6751 

800 

3.6932 

1288.62 

1425.31 

1.7659 

2.4421 

1285.41 

1420.99 

1.7187 

900 

4.0029 

1328.90 

1477.04 

1.8055 

2.6528 

1326.31 

1473.58 

1.7589 

1000 

4.3097 

1369.77 

1529.28 

1.8425 

2.8604 

1367.65 

1526.45 

1.7964 

1100 

4.6145 

1411.36 

1582.15 

1.8776 

3.0660 

1409.60 

1579.80 

1.8317 

1200 

4.9178 

1453.73 

1635.74 

1.9109 

3.2700 

1452.24 

1633.77 

1.8653 

1300 

5.2200 

1496.91 

1690.10 

1.9427 

3.4730 

1495.63 

1688.43 

1.8972 

1400 

5.5214 

1540.93 

1745.28 

1.9732 

3.6751 

1539.82 

1743.84 

1.9279 

1500 

5.8222 

1585.81 

1801.29 

2.0025 

3.8767 

1584.82 

1800.03 

1.9573 

1600 

6.1225 

1631.55 

1858.15 

2.0308 

4.0777 

1630.66 

1857.04 

1.9857 

1800 

6.7223 

1725.62 

1974.41 

2.0847 

4.4790 

1724.85 

1973.50 

2.0396 

2000 

7.3214 

1823.02 

2093.99 

2.1354 

4.8794 

1822.32 

2093.20 

2.0904 
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TABLE F.7.2 ( continued ) 

Superheated Vapor Water 


Temp. 

M 

u 

h 

s 

V 

u 

h 

s 

(F) 

(ftVlbm) 

(Btu/lbm) 

(Btu/lbm) 

(Btu/lbm R) 

(ftVlbm) 

(Btu/lbm) 

(Btu/lbm) 

(Btu/lbm R) 



400 psia (444.69 F) 



600 psia (486.33 F) 


Sat. 

1.1619 

1119.44 

1205.45 

1.4856 

0.7702 

1118.54 

1204.06 

1.4464 

450 

1.1745 

1122.63 

1209.57 

1.4901 

— 

- 

- 

- 

500 

1.2843 

1150.11 

1245.17 

1.5282 

0.7947 

1127.97 

1216.21 

1.4592 

550 

1.3834 

1174.56 

1276.95 

1.5605 

0.8749 

1158.23 

1255.36 

1.4990 

600 

1.4760 

1197.33 

1306.58 

1.5892 

0.9456 

1184.50 

1289.49 

1.5320 

700 

1.6503 

1240.38 

1362.54 

1.6396 

1.0728 

1231.51 

1350.62 

1.5871 

800 

1.8163 

1282.14 

1416.59 

1.6844 

1.1900 

1275.42 

1407.55 

1.6343 

900 

1.9776 

1323.69 

1470.07 

1.7252 

1.3021 

1318.36 

1462.92 

1.6766 

1000 

2.1357 

1365.51 

1523.59 

1.7632 

1.4108 

1361.15 

1517.79 

1.7155 

1100 

2.2917 

1407.81 

1577.44 

1.7989 

1.5173 

1404.20 

1572.66 

1.7519 

1200 

2.4462 

1450.73 

1631.79 

1.8327 

1.6222 

1447.68 

1627.80 

1.7861 

1300 

2.5995 

1494.34 

1686.76 

1.8648 

1.7260 

1491.74 

1683.38 

1.8186 

1400 

2.7520 

1538.70 

1742.40 

1.8956 

1.8289 

1536.44 

1739.51 

1.8497 

1500 

2.9039 

1583.83 

1798.78 

1.9251 

1.9312 

1581.84 

1796.26 

1.8794 

1600 

3.0553 

1629.77 

1855.93 

1.9535 

2.0330 

1627.98 

1853.71 

1.9080 

1700 

3.2064 

1676.52 

1913.86 

1.9810 

2.1345 

1674.88 

1911.87 

1.9355 

1800 

3.3573 

1724.08 

1972.59 

2.0076 

2.2357 

1722.55 

1970.78 

1.9622 

2000 

3.6585 

1821.61 

2092.41 

2.0584 

2.4375 

1820.20 

2090.84 

2.0131 



800 psia (518.36 F) 



1000 psia (544.74 F) 


Sat. 

0.5691 

1115.02 

1199.26 

1.4160 

0.4459 

1109.86 

1192.37 

1.3903 

550 

0.6154 

1138.83 

1229.93 

1.4469 

0.4534 

1114.77 

1198.67 

1.3965 

600 

0.6776 

1170.10 

1270.41 

1.4861 

0.5140 

1153.66 

1248.76 

1.4450 

650 

0.7324 

1197.22 

1305.64 

1.5186 

0.5637 

1184.74 

1289.06 

1.4822 

700 

0.7829 

1222.08 

1337.98 

1.5471 

0.6080 

1212.03 

1324.54 

1.5135 

800 

0.8764 

1268.45 

1398.19 

1.5969 

0.6878 

1261.21 

1388.49 

1.5664 

900 

0.9640 

1312.88 

1455.60 

1.6408 

0.7610 

1307.26 

1448.08 

1.6120 

1000 

1.0482 

1356.71 

1511.88 

1.6807 

0.8305 

1352.17 

1505.86 

1.6530 

1100 

1.1300 

1400.52 

1567.81 

1.7178 

0.8976 

1396.77 

1562.88 

1.6908 

1200 

1.2102 

1444.60 

1623.76 

1.7525 

0.9630 

1441.46 

1619.67 

1.7260 

1300 

1.2892 

1489.11 

1679.97 

1.7854 

1.0272 

1486.45 

1676.53 

1.7593 

1400 

1.3674 

1534.17 

1736.59 

1.8167 

1.0905 

1531.88 

1733.67 

1.7909 

1500 

1.4448 

1579.85 

1793.74 

1.8467 

1.1531 

1577.84 

1791.21 

1.8210 

1600 

1.5218 

1626.19 

1851.49 

1.8754 

1.2152 

1624.40 

1849.27 

1.8499 

1700 

1.5985 

1673.25 

1909.89 

1.9031 

1.2769 

1671.61 

1907.91 

1.8777 

1800 

1.6749 

1721.03 

1968.98 

1.9298 

1.3384 

1719.51 

1967.18 

1.9046 

2000 

1.8271 

1818.80 

2089.28 

1.9808 

1.4608 

1817.41 

2087.74 

1.9557 
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TABLE F.7.2 ( continued ) 

Superheated Vapor Water 


Temp. 

(F) 

V 

(tf/lbm) 

u 

(Btu/lbm) 

h 

(Btu/lbm) 

s V 

(Btu/lbm R) (f^/lbm) 

u 

(Btu/lbm) 

h 

(Btu/lbm) 

s 

(Btu/lbm R) 



1500 psia (596.38 F) 



2000 psia (635.99 F) 


Sat. 

0.2769 

1091.81 

1168.67 

1.3358 

0.1881 

1066.63 

1136.25 

1.2861 

650 

0.3329 

1146.95 

1239.34 

1.4012 

0.2057 

1091.06 

1167.18 

1.3141 

700 

0.3716 

1183.44 

1286.60 

1.4429 

0.2487 

1147.74 

1239.79 

1.3782 

750 

0.4049 

1214.13 

1326.52 

1.4766 

0.2803 

1187.32 

1291.07 

1.4216 

800 

0.4350 

1241.79 

1362.53 

1.5058 

0.3071 

1220.13 

1333.80 

1.4562 

850 

0.4631 

1267.69 

1396.23 

1.5321 

0.3312 

1249.46 

1372.03 

1.4860 

900 

0.4897 

1292.53 

1428.46 

1.5562 

0.3534 

1276.78 

1407.58 

1.5126 

1000 

0.5400 

1340.43 

1490.32 

1.6001 

0.3945 

1328.10 

1474.09 

1.5598 

1100 

0.5876 

1387.16 

1550.26 

1.6398 

0.4325 

1377.17 

1537.23 

1.6017 

1200 

0.6334 

1433.45 

1609.25 

1.6765 

0.4685 

1425.19 

1598.58 

1.6398 

1300 

0.6778 

1479.68 

1667.82 

1.7108 

0.5031 

1472.74 

1658.95 

1.6751 

1400 

0.7213 

1526.06 

1726.28 

1.7431 

0.5368 

1520.15 

1718.81 

1.7082 

1500 

0.7641 

1572.77 

1784.86 

1.7738 

0.5697 

1567.64 

1778.48 

1.7395 

1600 

0.8064 

1619.90 

1843.72 

1.8301 

0.6020 

1615.37 

1838.18 

1.7692 

1700 

0.8482 

1667.53 

1902.98 

1.8312 

0.6340 

1663.45 

1898.08 

1.7976 

1800 

0.8899 

1715.73 

1962.73 

1.8582 

0.6656 

1711.97 

1958.32 

1.8248 

1900 

0.9313 

1764.53 

2023.03 

1.8843 

0.6971 

1760.99 

2018.99 

1.8511 

2000 

0.9725 

1813.97 

2083.91 

1.9096 

0.7284 

1810.56 

2080.15 

1.8765 



4000 psia 



8000 psia 


650 

0.02447 

657.71 

675.82 

0.8574 

0.02239 

627.01 

660.16 

0.8278 

700 

0.02867 

742.13 

763.35 

0.9345 

0.02418 

688.59 

724.39 

0.8844 

750 

0.06332 

960.69 

1007.56 

1.1395 

0.02671 

755.67 

795.21 

0.9441 

800 

0.10523 

1095.04 

1172.93 

1.2740 

0.03061 

830.67 

875.99 

1.0095 

850 

0.12833 

1156.47 

1251.46 

1.3352 

0.03706 

915.81 

970.67 

1.0832 

900 

0.14623 

1201.47 

1309.71 

1.3789 

0.04657 

1003.68 

1072.63 

1.1596 

950 

0.16152 

1239.20 

1358.75 

1.4143 

0.05721 

1079.59 

1164.28 

1.2259 

1000 

0.17520 

1272.94 

1402.62 

1.4449 

0.06722 

1141.04 

1240.55 

1.2791 

1100 

0.19954 

1333.90 

1481.60 

1.4973 

0.08445 

1236.84 

1361.85 

1.3595 

1200 

0.22129 

1390.11 

1553.91 

1.5423 

0.09892 

1314.18 

1460.62 

1.4210 

1300 

0.24137 

1443.72 

1622.38 

1.5823 

0.11161 

1382.27 

1547.50 

1.4718 

1400 

0.26029 

1495.73 

1688.39 

1.6188 

0.12309 

1444.85 

1627.08 

1.5158 

1500 

0.27837 

1546.73 

1752.78 

1.6525 

0.13372 

1503.78 

1701.74 

1.5549 

1600 

0.29586 

1597.12 

1816.11 

1.6841 

0.14373 

1560.12 

1772.89 

1.5904 

1700 

0.31291 

1647.17 

1878.79 

1.7138 

0.15328 

1614.58 

1841.49 

1.6229 

1800 

0.32964 

1697.11 

1941.11 

1.7420 

0.16251 

1667.69 

1908.27 

1.6531 

1900 

0.34616 

1747.10 

2003.32 

1.7689 

0.17151 

1719.85 

1973.75 

1.6815 

2000 

0.36251 

1797.27 

2065.60 

1.7948 

0.18034 

1771.38 

2038.36 

1.7083 
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TABLE F.7.3 

C ompressed L iquid Water 


Temp. 

(F) 

V 

(fttVlbm) 

u 

(Btu/lbm) 

h 

(Btu/lbm) 

s 

(Btu/lbm R) 

V 

(ft/Vlbm) 

u h 

(Btu/lbm) (Btu/lbm) 

s 

(Btu/lbm R) 



500 psia ( 467.12 F ) 



1000 psia ( 544.74 F ) 


Sat . 

0.01975 

447.69 

449.51 

0.6490 

0.02159 

538.37 

542.36 

0.74318 

32 

0.01599 

0.00 

1.48 

0.0000 

0.01597 

0.02 

2.98 

0.0000 

50 

0.01599 

18.02 

19.50 

0.0360 

0.01599 

17.98 

20.94 

0.0359 

75 

0.0160 

42.98 

44.46 

0.0838 

0.0160 

42.87 

45.83 

0.0836 

100 

0.0161 

67.87 

69.36 

0.1293 

0.0161 

67.70 

70.67 

0.1290 

125 

0.0162 

92.75 

94.24 

0.1728 

0.0162 

92.52 

95.51 

0.1724 

150 

0.0163 

117.66 

119.17 

0.2146 

0.0163 

117.37 

120.39 

0.2141 

175 

0.0165 

142.62 

144.14 

0.2547 

0.0164 

142.28 

145.32 

0.2542 

200 

0.0166 

167.64 

168.18 

0.2934 

0.0166 

167.25 

170.32 

0.2928 

225 

0.0168 

192.76 

194.31 

0.3308 

0.0168 

192.30 

195.40 

0.3301 

250 

0.0170 

217.99 

219.56 

0.3670 

0.0169 

217.46 

220.60 

0.3663 

275 

0.0172 

243.36 

244.95 

0.4022 

0.0171 

242.77 

245.94 

0.4014 

300 

0.0174 

268.91 

270.52 

0.4364 

0.0174 

268.24 

271.45 

0.4355 

325 

0.0177 

294.68 

296.32 

0.4698 

0.0176 

293.91 

297.17 

0.4688 

350 

0.0180 

320.70 

322.36 

0.5025 

0.0179 

319.83 

323.14 

0.5014 

375 

0.0183 

347.01 

348.70 

0.5345 

0.0182 

346.02 

349.39 

0.5333 

400 

0.0186 

373.68 

375.40 

0.5660 

0.0185 

372.55 

375.98 

0.5647 

425 

0.0190 

400.77 

402.52 

0.5971 

0.0189 

399.47 

402.97 

0.5957 

450 

0.0194 

428.39 

430.19 

0.6280 

0.0193 

426.89 

430.47 

0.6263 



2000 psia ( 635.99 F ) 




8000 psia 


Sat . 

0.02565 

662.38 

671.87 

0.8622 

— 

— 

— 

— 

50 

0.01592 

17.91 

23.80 

0.0357 

0.01563 

17.38 

40.52 

0.0342 

75 

0.0160 

42.66 

48.57 

0.0832 

0.0157 

41.42 

64.65 

0.0804 

100 

0.0160 

67.36 

73.30 

0.1284 

0.01577 

65.49 

88.83 

0.1246 

125 

0.0161 

92.07 

98.04 

0.1716 

0.01586 

89.62 

113.10 

0.1670 

150 

0.0162 

116.82 

122.84 

0.2132 

0.01597 

113.81 

137.45 

0.2078 

175 

0.0164 

141.62 

147.68 

0.2531 

0.01610 

138.04 

161.87 

0.2471 

200 

0.0165 

166.48 

172.60 

0.2916 

0.01623 

162.31 

186.34 

0.2849 

225 

0.0167 

191.42 

197.59 

0.3288 

0.01639 

186.61 

210.87 

0.3214 

250 

0.0169 

216.45 

222.69 

0.3648 

0.01655 

210.97 

235.47 

0.3567 

275 

0.0171 

241.61 

247.93 

0.3998 

0.01675 

235.39 

260.16 

0.3909 

300 

0.0173 

266.92 

273.33 

0.4337 

0.01693 

259.91 

284.97 

0.4241 

325 

0.0176 

292.42 

298.92 

0.4669 

0.01714 

284.53 

309.91 

0.4564 

350 

0.0178 

318.14 

324.74 

0.4993 

0.01737 

309.29 

335.01 

0.4878 

400 

0.0184 

370.38 

377.20 

0.5621 

0.01788 

359.26 

385.73 

0.5486 

450 

0.0192 

424.03 

431.13 

0.6231 

0.01848 

409.94 

437.30 

0.6069 

500 

0.0201 

479.84 

487.29 

0.6832 

0.01918 

461.56 

489.95 

0.6633 

600 

0.0233 

605.37 

613.99 

0.8086 

0.02106 

569.36 

600.53 

0.7728 
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TABLE F . 7.4 

Saturated Solid- Saturated Vapor, Water (E nglish Units) 


Temp. 

(F) 

Press. 

(Ibf/in. 2 ) 

Specific Volume, f^/lbm 


1 nternal E nergy, Btu/lbm 

Sat. Solid 

Vi 

Sat. Vapor 

Vg X itr 3 

Sat. Solid 

Ui 

Evap. 

W/g 

Sat. Vapor 

Ug 

32.02 

0.08866 

0.017473 

3.302 

- 143.34 

1164.5 

1021.2 

32 

0.08859 

0.01747 

3.305 

- 143.35 

1164.5 

1021.2 

30 

0.08083 

0.01747 

3.607 

- 144.35 

1164.9 

1020.5 

25 

0.06406 

0.01746 

4.505 

- 146.84 

1165.7 

1018.9 

20 

0.05051 

0.01745 

5.655 

- 149.31 

1166.5 

1017.2 

15 

0.03963 

0.01745 

7.133 

- 151.75 

1167.3 

1015.6 

10 

0.03093 

0.01744 

9.043 

- 154.16 

1168.1 

1013.9 

5 

0.02402 

0.01743 

11.522 

- 156.56 

1168.8 

1012.2 

0 

0.01855 

0.01742 

14.761 

- 158.93 

1169.5 

1010.6 

-5 

0.01424 

0.01742 

19.019 

- 161.27 

1170.2 

1008.9 

-10 

0.01086 

0.01741 

24.657 

- 163.59 

1170.8 

1007.3 

-15 

0.00823 

0.01740 

32.169 

- 165.89 

1171.5 

1005.6 

-20 

0.00620 

0.01740 

42.238 

- 168.16 

1172.1 

1003.9 

-25 

0.00464 

0.01739 

55.782 

- 170.40 

1172.7 

1002.3 

-30 

0.00346 

0.01738 

74.046 

- 172.63 

1173.2 

1000.6 

-35 

0.00256 

0.01737 

98.890 

- 174.82 

1173.8 

998.9 

-40 

0.00187 

0.01737 

134.017 

- 177.00 

1174.3 

997.3 


Temp. 

(F) 

Press. 

(Ibf/in. 2 ) 

Enthalpy, Btu/lbm 

E ntropy, Btu/lbm R 

Sat. Solid 
hi 

Evap. 

hig 

Sat. Vapor 
h g 

Sat. Liquid 

Si 

Evap. 

s ig 

Sat. Vapor 

Sg 

32.02 

0.08866 

- 143.34 

1218.7 

1075.4 

- 0.2916 

2.4786 

2.1869 

32 

0.08859 

- 143.35 

1218.7 

1075.4 

- 0.2917 

2.4787 

2.1870 

30 

0.08083 

- 144.35 

1218.8 

1074.5 

- 0.2938 

2.4891 

2.1953 

25 

0.06406 

- 146.84 

1219.1 

1072.3 

- 0.2990 

2.5154 

2.2164 

20 

0.05051 

- 149.31 

1219.4 

1070.1 

- 0.3042 

2.5422 

2.2380 

15 

0.03963 

- 151.75 

1219.6 

1067.9 

- 0.3093 

2.5695 

2.2601 

10 

0.03093 

- 154.16 

1219.8 

1065.7 

- 0.3145 

2.5973 

2.2827 

5 

0.02402 

- 156.56 

1220.0 

1063.5 

- 0.3197 

2.6256 

2.3059 

0 

0.01855 

- 158.93 

1220.2 

1061.2 

- 0.3248 

2.6544 

2.3296 

-5 

0.01424 

- 161.27 

1220.3 

1059.0 

- 0.3300 

2.6839 

2.3539 

-10 

0.01086 

- 163.59 

1220.4 

1056.8 

- 0.3351 

2.7140 

2.3788 

-15 

0.00823 

- 165.89 

1220.5 

1054.6 

- 0.3403 

2.7447 

2.4044 

-20 

0.00620 

- 168.16 

1220.5 

1052.4 

- 0.3455 

2.7761 

2.4307 

-25 

0.00464 

- 170.40 

1220.6 

1050.2 

- 0.3506 

2.8081 

2.4575 

-30 

0.00346 

- 172.63 

1220.6 

1048.0 

- 0.3557 

2.8406 

2.4849 

-35 

0.00256 

- 174.82 

1220.6 

1045.7 

- 0.3608 

2.8737 

2.5129 

-40 

0.00187 

- 177.00 

1220.5 

1043.5 

- 0.3659 

2.9084 

2.5425 
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TABLE F .8 

Thermodynamic Properties of Ammonia 

TABLE F . 8.1 

Saturated Ammonia 


Specific Volume, ft 3 /lbm I nternai E nergy, Btu/lbm 


Temp. 

(F) 

Press. 

(psia) 

Sat. L iquid 

Vf 

Evap. 

v fg 

Sat. Vapor 

Mg 

Sat. Liquid 

Uf 

Evap. 

Ufg 

Sat. Vapor 

“9 

-60 

5.547 

0.02277 

44.7397 

44.7625 

- 20.92 

564.27 

543.36 

-50 

7.663 

0.02299 

33.0702 

33.0932 

- 10.51 

556.84 

546.33 

-40 

10.404 

0.02322 

24.8464 

24.8696 

- 0.04 

549.25 

549.20 

-30 

13.898 

0.02345 

18.9490 

18.9724 

10.48 

541.50 

551.98 

- 28.0 

14.696 

0.02350 

17.9833 

18.0068 

12.59 

539.93 

552.52 

-20 

18.289 

0.02369 

14.6510 

14.6747 

21.07 

533.57 

554.64 

-10 

23.737 

0.02394 

11.4714 

11.4953 

31.73 

252.47 

557.20 

0 

30.415 

0.02420 

9.0861 

9.1103 

42.46 

517.18 

559.64 

10 

38.508 

0.02446 

7.2734 

7.2979 

53.26 

508.71 

561.96 

20 

48.218 

0.02474 

5.8792 

5.9039 

64.12 

500.04 

564.16 

30 

59.756 

0.02502 

4.7945 

4.8195 

75.06 

491.17 

566.23 

40 

73.346 

0.02532 

3.9418 

3.9671 

86.07 

482.09 

568.15 

50 

89.226 

0.02564 

3.2647 

3.2903 

97.16 

472.78 

569.94 

60 

107.641 

0.02597 

2.7221 

2.7481 

108.33 

463.24 

571.56 

70 

128.849 

0.02631 

2.2835 

2.3098 

119.58 

453.44 

573.02 

80 

153.116 

0.02668 

1.9260 

1.9526 

130.92 

443.37 

574.30 

90 

180.721 

0.02706 

1.6323 

1.6594 

142.36 

433.01 

573.37 

100 

211.949 

0.02747 

1.3894 

1.4168 

153.89 

422.34 

576.23 

110 

247.098 

0.02790 

1.1870 

1.2149 

165.53 

411.32 

576.85 

120 

286.473 

0.02836 

1.0172 

1.0456 

177.28 

399.92 

577.20 

130 

330.392 

0.02885 

0.8740 

0.9028 

189.17 

388.10 

577.27 

140 

379.181 

0.02938 

0.7524 

0.7818 

201.20 

375.82 

577.02 

150 

433.181 

0.02995 

0.6485 

0.6785 

213.40 

363.01 

576.41 

160 

492.742 

0.03057 

0.5593 

0.5899 

225.80 

349.61 

575.41 

170 

558.231 

0.03124 

0.4822 

0.5135 

238.42 

335.53 

573.95 

180 

630.029 

0.03199 

0.4153 

0.4472 

251.33 

320.66 

571.99 

190 

708.538 

0.03281 

0.3567 

0.3895 

264.58 

304.87 

569.45 

200 

794.183 

0.03375 

0.3051 

0.3388 

278.24 

287.96 

566.20 

210 

887.424 

0.03482 

0.2592 

0.2941 

292.43 

269.70 

562.13 

220 

988.761 

0.03608 

0.2181 

0.2542 

307.28 

249.72 

557.00 

230 

1098.766 

0.03759 

0.1807 

0.2183 

323.03 

227.47 

550.50 

240 

1218.113 

0.03950 

0.1460 

0.1855 

340.05 

202.02 

542.06 

250 

1347.668 

0.04206 

0.1126 

0.1547 

359.03 

171.57 

530.60 

260 

1488.694 

0.04599 

0.0781 

0.1241 

381.74 

131.74 

513.48 

270.1 

1643.742 

0.06816 

0 

0.0682 

446.09 

0 

446.09 
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TABLE F.8.1 ( continued ) 

Saturated Ammonia 


Temp. 

(F) 

Press. 

(psia) 

Enthalpy, Btu/lbm 


Entropy, Btu/lbm R 


Sat. Liquid 

hf 

Evap. 

h fg 

Sat. Vapor 
h g 

Sat. L iquid 

Sf 

Evap. 

Sfg 

Sat. Vapor 

Sg 

-60 

5.547 

- 20.89 

610.19 

589.30 

- 0.0510 

1.5267 

1.4758 

-50 

7.663 

- 10.48 

603.73 

593.26 

- 0.0252 

1.4737 

1.4485 

-40 

10.404 

0 

597.08 

597.08 

0 

1.4227 

1.4227 

-30 

13.898 

10.54 

590.23 

600.77 

0.0248 

1.3737 

1.3985 

- 28.0 

14.696 

12.65 

588.84 

601.49 

0.0297 

1.3641 

1.3938 

-20 

18.289 

21.15 

583.15 

604.31 

0.0492 

1.3263 

1.3755 

-10 

23.737 

31.84 

575.85 

607.69 

0.0731 

1.2806 

1.3538 

0 

30.415 

42.60 

568.32 

610.92 

0.0967 

1.2364 

1.3331 

10 

38.508 

53.43 

560.54 

613.97 

0.1200 

1.1935 

1.3134 

20 

48.218 

64.34 

552.50 

616.84 

0.1429 

1.1518 

1.2947 

30 

59.756 

75.33 

544.18 

619.52 

0.1654 

1.1113 

1.2768 

40 

73.346 

86.41 

535.59 

622.00 

0.1877 

1.0719 

1.2596 

50 

89.226 

97.58 

526.68 

624.26 

0.2097 

1.0334 

1.2431 

60 

107.641 

108.84 

517.46 

626.30 

0.2314 

0.9957 

1.2271 

70 

128.849 

120.21 

507.89 

628.09 

0.2529 

0.9589 

1.2117 

80 

153.116 

131.68 

497.94 

629.62 

0.2741 

0.9227 

1.1968 

90 

180.721 

143.26 

487.60 

630.86 

0.2951 

0.8871 

1.1822 

100 

211.949 

154.97 

476.83 

631.80 

0.3159 

0.8520 

1.1679 

110 

247.098 

166.80 

465.59 

632.40 

0.3366 

0.8173 

1.1539 

120 

286.473 

178.79 

453.84 

632.63 

0.3571 

0.7829 

1.1400 

130 

330.392 

190.93 

441.54 

632.47 

0.3774 

0.7488 

1.1262 

140 

379.181 

203.26 

428.61 

631.87 

0.3977 

0.7147 

1.1125 

150 

433.181 

215.80 

415.00 

630.80 

0.4180 

0.6807 

1.0987 

160 

492.742 

228.58 

400.61 

629.19 

0.4382 

0.6465 

1.0847 

170 

558.231 

241.65 

385.35 

627.00 

0.4586 

0.6120 

1.0705 

180 

630.029 

255.06 

369.08 

624.14 

0.4790 

0.5770 

1.0560 

190 

708.538 

268.88 

351.63 

620.51 

0.4997 

0.5412 

1.0410 

200 

794.183 

283.20 

332.80 

616.00 

0.5208 

0.5045 

1.0253 

210 

887.424 

298.14 

312.27 

610.42 

0.5424 

0.4663 

1.0087 

220 

988.761 

313.88 

289.63 

603.51 

0.5647 

0.4261 

0.9909 

230 

1098.766 

330.67 

264.21 

594.89 

0.5882 

0.3831 

0.9713 

240 

1218.113 

348.95 

234.93 

583.87 

0.6132 

0.3358 

0.9490 

250 

1347.668 

369.52 

199.65 

569.17 

0.6410 

0.2813 

0.9224 

260 

1488.694 

394.41 

153.25 

547.66 

0.6743 

0.2129 

0.8872 

270.1 

1643.742 

466.83 

0 

466.83 

0.7718 

0 

0.7718 
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TABLE F.8.2 

S uperheated A mmonia 


Temp. 

M 

h 

s 

V 

h 

s 

V 

h 

s 

F 

ft 3 /lbm 

Btu/lbm 

Btu/lbm R 

f^/lbm 

Btu/lbm 

Btu/lbm R 

ft 3 /lbm 

Btu/lbm 

Btu/lbm R 



5 psia (-63.09 F) 


10 psia (-41.33 F) 

15 psia (-27.27 F) 

Sat. 

49.32002 

588.05 

1.4846 

25.80648 596.58 

1.4261 

17.66533 

601.75 

1.3921 

-40 

52.3487 

599.56 

1.5128 

25.8962 

597.27 

1.4277 

- 

- 


-20 

54.9506 

609.53 

1.5360 

27.2401 

607.60 

1.4518 

17.9999 

605.63 

1.4010 

0 

57.5366 

619.51 

1.5582 

28.5674 

617.88 

1.4746 

18.9086 

616.22 

1.4245 

20 

60.1099 

629.50 

1.5795 

29.8814 

628.12 

1.4964 

19.8036 

626.72 

1.4469 

40 

62.6732 

639.52 

1.5999 

31.1852 

638.34 

1.5173 

20.6880 

637.15 

1.4682 

60 

65.2288 

649.57 

1.6197 

32.4809 

648.56 

1.5374 

21.5641 

647.54 

1.4886 

80 

67.7782 

659.67 

1.6387 

33.7703 

658.80 

1.5567 

22.4338 

657.91 

1.5082 

100 

70.3228 

669.84 

1.6572 

35.0549 

669.07 

1.5754 

23.2985 

668.29 

1.5271 

120 

72.8637 

680.06 

1.6752 

36.3356 

679.38 

1.5935 

24.1593 

678.70 

1.5453 

140 

75.4015 

690.36 

1.6926 

37.6133 

689.75 

1.6111 

25.0170 

689.14 

1.5630 

160 

77.9370 

700.74 

1.7097 

38.8886 

700.19 

1.6282 

25.8723 

699.64 

1.5803 

180 

80.4706 

711.20 

1.7263 

40.1620 

710.70 

1.6449 

26.7256 

710.21 

1.5970 

200 

83.0026 

721.75 

1.7425 

41.4338 

721.30 

1.6612 

27.5774 

720.84 

1.6134 

220 

85.5334 

732.39 

1.7584 

42.7043 

731.98 

1.6771 

28.4278 

731.56 

1.6294 

240 

88.0631 

743.13 

1.7740 

43.9737 

742.74 

1.6928 

29.2772 

742.36 

1.6451 

260 

90.5918 

753.96 

1.7892 

45.2422 

753.61 

1.7081 

30.1256 

753.24 

1.6604 

280 

93.1199 

764.90 

1.8042 

46.5100 

764.56 

1.7231 

30.9733 

764.23 

1.6755 


20 psia (-16.63 F) 


25 psia (-7.95 F) 


30 psia (-0.57 F) 

Sat. 

13.49628 

605.47 

1.3680 

10.95013 608.37 

1.3494 

9.22850 

610.74 

1.3342 

0 

14.0774 

614.54 

1.3881 

11.1771 

612.82 

1.3592 

9.2423 

611.06 

1.3349 

20 

14.7635 

625.30 

1.4111 

11.7383 

623.86 

1.3827 

9.7206 

622.39 

1.3591 

40 

15.4385 

635.94 

1.4328 

12.2881 

634.72 

1.4049 

10.1872 

633.49 

1.3817 

60 

16.1051 

646.51 

1.4535 

12.8291 

645.46 

1.4260 

10.6447 

644.41 

1.4032 

80 

16.7651 

657.02 

1.4734 

13.3634 

656.12 

1.4461 

11.0954 

655.21 

1.4236 

100 

17.4200 

667.51 

1.4925 

13.8926 

666.73 

1.4654 

11.5407 

665.93 

1.4431 

120 

18.0709 

678.01 

1.5109 

14.4176 

677.32 

1.4840 

11.9820 

676.62 

1.4618 

140 

18.7187 

688.53 

1.5287 

14.9395 

687.91 

1.5020 

12.4200 

687.29 

1.4799 

160 

19.3640 

699.09 

1.5461 

15.4589 

698.54 

1.5194 

12.8554 

697.98 

1.4975 

180 

20.0073 

709.71 

1.5629 

15.9763 

709.20 

1.5363 

13.2888 

708.70 

1.5145 

200 

20.6491 

720.39 

1.5794 

16.4920 

719.93 

1.5528 

13.7206 

719.47 

1.5311 

220 

21.2895 

731.14 

1.5954 

17.0065 

730.72 

1.5689 

14.1511 

730.29 

1.5472 

240 

21.9288 

741.97 

1.6111 

17.5198 

741.58 

1.5847 

14.5804 

741.19 

1.5630 

260 

22.5673 

752.88 

1.6265 

18.0322 

752.52 

1.6001 

15.0088 

752.16 

1.5785 

280 

23.2049 

763.89 

1.6416 

18.5439 

763.55 

1.6152 

15.4365 

763.21 

1.5936 

300 

23.8419 

774.99 

1.6564 

19.0548 

774.67 

1.6301 

15.8634 

774.36 

1.6085 

320 

24.4783 

786.18 

1.6709 

19.5652 

785.89 

1.6446 

16.2898 

785.59 

1.6231 
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TABLE F.8.2 ( continued ) 

S uperheated A mmonia 


Temp. 

M 

h 

s 

V 

h 

s 

V 

h 

s 

F 

ft^lbm 

Btu/lbm 

Btu/lbm R 

ft 3 /lbm 

Btu/lbm 

Btu/lbm R 

f^/lbm 

Btu/lbm 

Btu/lbm R 



35 psia (5.89 

F) 

40 psia (11.66 F) 


50 psia (21.66 F) 

Sat. 

7.98414 

612.73 

1.3214 

7.04135 

614.45 

1.3103 

5.70491 

617.30 

1.2917 

20 

8.2786 

620.90 

1.3387 

7.1964 

619.39 

1.3206 

- 

- 

- 

40 

8.6860 

632.23 

1.3618 

7.5596 

630.96 

1.3443 

5.9814 

628.37 

1.3142 

60 

9.0841 

643.34 

1.3836 

7.9132 

642.26 

1.3665 

6.2731 

640.07 

1.3372 

80 

9.4751 

654.29 

1.4043 

8.2596 

653.37 

1.3874 

6.5573 

651.49 

1.3588 

100 

9.8606 

665.14 

1.4240 

8.6004 

664.33 

1.4074 

6.8356 

662.70 

1.3792 

120 

10.2420 

675.92 

1.4430 

8.9370 

675.21 

1.4265 

7.1096 

673.79 

1.3986 

140 

10.6202 

686.67 

1.4612 

9.2702 

686.04 

1.4449 

7.3800 

684.78 

1.4173 

160 

10.9957 

697.42 

1.4788 

9.6008 

696.86 

1.4626 

7.6478 

695.73 

1.4352 

180 

11.3692 

708.19 

1.4959 

9.9294 

707.69 

1.4798 

7.9135 

706.67 

1.4526 

200 

11.7410 

719.01 

1.5126 

10.2562 

718.54 

1.4965 

8.1775 

717.61 

1.4695 

220 

12.1115 

729.87 

1.5288 

10.5817 

729.44 

1.5128 

8.4400 

728.59 

1.4859 

240 

12.4808 

740.80 

1.5447 

10.9061 

741.40 

1.5287 

8.7014 

739.62 

1.5018 

260 

12.8493 

751.80 

1.5602 

11.2296 

751.43 

1.5442 

8.9619 

750.70 

1.5175 

280 

13.2169 

762.88 

1.5753 

11.5522 

762.54 

1.5594 

9.2216 

761.86 

1.5327 

300 

13.5838 

774.04 

1.5902 

11.8741 

773.72 

1.5744 

9.4805 

773.09 

1.5477 

320 

13.9502 

785.29 

1.6049 

12.1955 

785.00 

1.5890 

9.7389 

784.40 

1.5624 

340 

14.3160 

796.64 

1.6192 

12.5163 

796.36 

1.6034 

9.9967 

795.80 

1.5769 



60 psia (30.19 F) 

70 psia (37.68 F) 


80 psia (44.38 F) 

Sat. 

4.80091 

619.57 

1.2764 

4.14732 

621.44 

1.2635 

3.65200 

623.02 

1.2523 

40 

4.9277 

625.69 

1.2888 

4.1738 

622.94 

1.2665 

- 

- 

- 

60 

5.1787 

637.82 

1.3126 

4.3961 

635.52 

1.2912 

3.8083 

633.16 

1.2721 

80 

5.4217 

649.57 

1.3348 

4.6099 

647.62 

1.3140 

4.0005 

645.63 

1.2956 

100 

5.6586 

661.05 

1.3557 

4.8174 

659.37 

1.3354 

4.1861 

657.66 

1.3175 

120 

5.8909 

672.34 

1.3755 

5.0201 

670.88 

1.3556 

4.3667 

669.39 

1.3381 

140 

6.1197 

683.50 

1.3944 

5.2191 

682.21 

1.3749 

4.5435 

680.90 

1.3577 

160 

6.3456 

694.59 

1.4126 

5.4153 

693.44 

1.3933 

4.7174 

692.27 

1.3763 

180 

6.5694 

705.64 

1.4302 

5.6093 

704.60 

1.4110 

4.8890 

703.55 

1.3942 

200 

6.7915 

716.68 

1.4472 

5.8014 

715.73 

1.4281 

5.0588 

714.79 

1.4115 

220 

7.0121 

727.73 

1.4637 

5.9921 

726.87 

1.4448 

5.2270 

726.00 

1.4283 

240 

7.2316 

738.83 

1.4798 

6.1816 

738.03 

1.4610 

5.3941 

737.23 

1.4446 

260 

7.4501 

749.97 

1.4955 

6.3702 

749.23 

1.4767 

5.5602 

748.50 

1.4604 

280 

7.6678 

761.17 

1.5108 

6.5579 

760.49 

1.4922 

5.7254 

759.80 

1.4759 

300 

7.8848 

772.45 

1.5259 

6.7449 

771.81 

1.5073 

5.8900 

771.17 

1.4911 

320 

8.1011 

783.80 

1.5406 

6.9313 

783.21 

1.5221 

6.0538 

782.61 

1.5059 

340 

8.3169 

795.24 

1.5551 

7.1171 

794.68 

1.5366 

6.2172 

794.12 

1.5205 

360 

8.5323 

806.77 

1.5693 

7.3025 

806.24 

1.5509 

6.3801 

805.71 

1.5348 
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TABLE F.8.2 ( continued ) 

S uperheated A mmonia 


Temp. 

V 

h 

s 

V 

h 

s 

V 

h 

s 

F 

fWlbm 

Btu/lbm 

Btu/lbm R 

f^/lbm 

Btu/lbm 

Btu/lbm R 

f^/lbm 

Btu/lbm 

Btu/lbm R 



90 psia (50.45 F) 


100 psia (56.02 F) 


125 psia (68.28 F) 

Sat. 

3.26324 

624.36 

1.2423 

2.94969 

625.52 

1.2334 

2.37866 

627.80 

1.2143 

60 

3.3503 

630.74 

1.2547 

2.9831 

628.25 

1.2387 

- 

- 

- 

80 

3.5260 

643.59 

1.2790 

3.1459 

641.51 

1.2637 

2.4597 

636.11 

1.2299 

100 

3.6947 

655.92 

1.3014 

3.3013 

654.16 

1.2867 

2.5917 

649.59 

1.2544 

120 

3.8583 

667.88 

1.3224 

3.4513 

666.36 

1.3082 

2.7177 

662.44 

1.2770 

140 

4.0179 

679.58 

1.3423 

3.5972 

678.24 

1.3283 

2.8392 

674.83 

1.2980 

160 

4.1745 

691.10 

1.3612 

3.7400 

689.91 

1.3475 

2.9574 

686.90 

1.3178 

180 

4.3287 

702.50 

1.3793 

3.8804 

701.44 

1.3658 

3.0730 

698.74 

1.3366 

200 

4.4811 

713.83 

1.3967 

4.0188 

712.87 

1.3834 

3.1865 

710.44 

1.3546 

220 

4.6319 

725.13 

1.4136 

4.1558 

724.25 

1.4004 

3.2985 

722.04 

1.3720 

240 

4.7816 

736.43 

1.4300 

4.2915 

735.63 

1.4169 

3.4091 

733.59 

1.3887 

260 

4.9302 

747.75 

1.4459 

4.4261 

747.01 

1.4329 

3.5187 

745.13 

1.4050 

280 

5.0779 

759.11 

1.4615 

4.5599 

758.42 

1.4485 

3.6274 

756.68 

1.4208 

300 

5.2250 

770.53 

1.4767 

4.6930 

769.88 

1.4638 

3.7353 

768.27 

1.4362 

320 

5.3714 

782.01 

1.4916 

4.8254 

781.40 

1.4788 

3.8426 

779.89 

1.4514 

340 

5.5173 

793.56 

1.5063 

4.9573 

792.99 

1.4935 

3.9493 

791.58 

1.4662 

360 

5.6626 

805.18 

1.5206 

5.0887 

804.66 

1.5079 

4.0555 

803.33 

1.4807 

380 

5.8076 

816.90 

1.5348 

5.2196 

816.40 

1.5220 

4.1613 

815.15 

1.4949 



150 psia (78.79 F) 


175 psia (88.03 F) 


200 psia (96.31 F) 

Sat. 

1.99226 

629.45 

1.1986 

1.71282 

630.64 

1.1850 

1.50102 

631.49 

1.1731 

80 

1.9997 

630.36 

1.2003 

- 

- 


- 

- 

- 

100 

2.1170 

644.81 

1.2265 

1.7762 

639.77 

1.2015 

1.5190 

634.45 

1.1785 

120 

2.2275 

658.37 

1.2504 

1.8762 

654.13 

1.2267 

1.6117 

649.71 

1.2052 

140 

2.3331 

671.31 

1.2723 

1.9708 

667.67 

1.2497 

1.6984 

663.90 

1.2293 

160 

2.4351 

683.80 

1.2928 

2.0614 

680.62 

1.2710 

1.7807 

677.36 

1.2514 

180 

2.5343 

695.99 

1.3122 

2.1491 

693.17 

1.2909 

1.8598 

690.30 

1.2719 

200 

2.6313 

707.96 

1.3306 

2.2345 

705.44 

1.3098 

1.9365 

702.87 

1.2913 

220 

2.7267 

719.79 

1.3483 

2.3181 

717.51 

1.3278 

2.0114 

715.20 

1.3097 

240 

2.8207 

731.54 

1.3653 

2.4002 

729.46 

1.3451 

2.0847 

727.35 

1.3273 

260 

2.9136 

743.24 

1.3818 

2.4813 

741.33 

1.3619 

2.1569 

739.39 

1.3443 

280 

3.0056 

754.93 

1.3978 

2.5613 

753.16 

1.3781 

2.2280 

751.38 

1.3607 

300 

3.0968 

766.63 

1.4134 

2.6406 

764.99 

1.3939 

2.2984 

763.33 

1.3767 

320 

3.1873 

778.37 

1.4287 

2.7192 

776.84 

1.4092 

2.3680 

775.30 

1.3922 

340 

3.2772 

790.15 

1.4436 

2.7972 

788.72 

1.4243 

2.4370 

787.28 

1.4074 

360 

3.3667 

801.99 

1.4582 

2.8746 

800.65 

1.4390 

2.5056 

799.30 

1.4223 

380 

3.4557 

813.90 

1.4726 

2.9516 

812.64 

1.4535 

2.5736 

811.38 

1.4368 

400 

3.5442 

825.88 

1.4867 

3.0282 

824.70 

1.4677 

2.6412 

823.51 

1.4511 
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TABLE F.8.2 ( continued ) 

S uperheated A mmonia 


Temp. 

V 

h 

s 

V 

h 

s 

V 

h 

s 

F 

ft^lbm 

Btu/lbm 

Btu/lbm R 

ft 3 /lbm 

Btu/lbm 

Btu/lbm R 

f^/lbm 

Btu/lbm 

Btu/lbm R 



250 psia (110.78 F) 


300 psia (123.20 F) 


350 psia (134.14 F) 

Sat. 

1.20063 

632.43 

1.1528 

0.99733 

632.63 

1.1356 

0.85027 

632.28 

1.1205 

120 

1.2384 

640.21 

1.1663 

- 

- 

- 

- 

- 

- 

140 

1.3150 

655.95 

1.1930 

1.0568 

647.32 

1.1605 

0.8696 

637.87 

1.1299 

160 

1.3863 

670.53 

1.2170 

1.1217 

663.27 

1.1866 

0.9309 

655.48 

1.1588 

180 

1.4539 

684.34 

1.2389 

1.1821 

678.07 

1.2101 

0.9868 

671.46 

1.1842 

200 

1.5188 

697.59 

1.2593 

1.2394 

692.08 

1.2317 

1.0391 

686.34 

1.2071 

220 

1.5815 

710.45 

1.2785 

1.2943 

705.55 

1.2518 

1.0886 

700.47 

1.2282 

240 

1.6426 

723.05 

1.2968 

1.3474 

718.63 

1.2708 

1.1362 

714.08 

1.2479 

260 

1.7024 

735.46 

1.3142 

1.3991 

731.44 

1.2888 

1.1822 

727.32 

1.2666 

280 

1.7612 

747.76 

1.3311 

1.4497 

744.07 

1.3062 

1.2270 

740.31 

1.2844 

300 

1.8191 

759.98 

1.3474 

1.4994 

756.58 

1.3228 

1.2708 

753.12 

1.3015 

320 

1.8762 

772.18 

1.3633 

1.5482 

769.02 

1.3390 

1.3138 

765.82 

1.3180 

340 

1.9328 

784.37 

1.3787 

1.5965 

781.43 

1.3547 

1.3561 

778.46 

1.3340 

360 

1.9887 

796.59 

1.3938 

1.6441 

793.84 

1.3701 

1.3979 

791.07 

1.3496 

380 

2.0442 

808.83 

1.4085 

1.6913 

806.27 

1.3850 

1.4391 

803.67 

1.3648 

400 

2.0993 

821.13 

1.4230 

1.7380 

818.72 

1.3997 

1.4798 

816.30 

1.3796 

420 

2.1540 

833.48 

1.4372 

1.7843 

831.23 

1.4141 

1.5202 

828.95 

1.3942 

440 

2.2083 

845.90 

1.4512 

1.8302 

843.78 

1.4282 

1.5602 

841.65 

1.4085 



400 psia (143.97 F) 


600 psia (175.93 F) 


800 psia (200.65 F) 

Sat. 

0.73876 

631.50 

1.1070 

0.47311 

625.39 

1.0620 

0.33575 

615.67 

1.0242 

160 

0.7860 

647.06 

1.1324 

- 

- 

- 

- 

- 

- 

180 

0.8392 

664.44 

1.1601 

0.4834 

630.48 

1.0700 

- 

— 

- 

200 

0.8880 

680.32 

1.1845 

0.5287 

652.67 

1.1041 

- 

— 

— 

220 

0.9338 

695.21 

1.2067 

0.5680 

671.78 

1.1327 

0.3769 

642.62 

1.0645 

240 

0.9773 

709.40 

1.2273 

0.6035 

689.03 

1.1577 

0.4115 

665.08 

1.0971 

260 

1.0192 

723.10 

1.2466 

0.6366 

705.06 

1.1803 

0.4419 

684.62 

1.1246 

280 

1.0597 

736.47 

1.2650 

0.6678 

720.26 

1.2011 

0.4694 

702.36 

1.1489 

300 

1.0992 

749.60 

1.2825 

0.6976 

734.88 

1.2206 

0.4951 

718.93 

1.1710 

320 

1.1379 

762.58 

1.2993 

0.7264 

749.09 

1.2391 

0.5193 

734.69 

1.1915 

340 

1.1758 

775.45 

1.3156 

0.7542 

763.02 

1.2567 

0.5425 

749.89 

1.2108 

360 

1.2131 

788.27 

1.3315 

0.7814 

776.75 

1.2737 

0.5648 

764.68 

1.2290 

380 

1.2499 

801.06 

1.3469 

0.8079 

790.34 

1.2901 

0.5864 

779.19 

1.2465 

400 

1.2862 

813.85 

1.3619 

0.8340 

803.86 

1.3060 

0.6074 

793.50 

1.2634 

420 

1.3221 

826.66 

1.3767 

0.8595 

817.32 

1.3215 

0.6279 

807.68 

1.2797 

440 

1.3576 

839.51 

1.3911 

0.8847 

830.76 

1.3366 

0.6480 

821.76 

1.2955 

460 

1.3928 

852.39 

1.4053 

0.9095 

844.21 

1.3514 

0.6677 

835.80 

1.3109 

480 

1.4277 

865.34 

1.4192 

0.9340 

857.67 

1.3658 

0.6871 

849.80 

1.3260 
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TABLE F.9 

T hermodynamic Properties of R -410a 

TABLE F . 9.1 

Saturated R -410a 

Specific Volume, ft 3 /lbm I nternal E nergy, Btu/lbm 

Temp. Press. Sat. Liquid Evap. Sat. Vapor Sat. Liquid Evap. Sat. Vapor 


(F) (psia) v f v fg v g u f u fg u g 


-80 

8.196 

0.01158 

6.6272 

6.6388 

- 13.12 

111.09 

97.97 

-70 

11.152 

0.01173 

4.9609 

4.9726 

- 9.88 

108.94 

99.07 

- 60.5 

14.696 

0.01187 

3.8243 

3.8362 

- 6.78 

106.88 

100.09 

-60 

14.905 

0.01188 

3.7736 

3.7855 

- 6.62 

106.77 

100.15 

-50 

19.598 

0.01204 

2.9123 

2.9243 

- 3.35 

104.55 

101.20 

-40 

25.387 

0.01220 

2.2770 

2.2892 

- 0.06 

102.30 

102.24 

-30 

32.436 

0.01237 

1.8011 

1.8135 

3.26 

100.00 

103.25 

-20 

40.923 

0.01255 

1.4397 

1.4522 

6.60 

97.65 

104.24 

-10 

51.034 

0.01275 

1.1615 

1.1742 

9.96 

95.23 

105.20 

0 

62.967 

0.01295 

0.9448 

0.9578 

13.37 

92.75 

106.12 

10 

76.926 

0.01316 

0.7741 

0.7873 

16.81 

90.20 

107.00 

20 

93.128 

0.01339 

0.6382 

0.6516 

20.29 

87.55 

107.84 

30 

111.796 

0.01364 

0.5289 

0.5426 

23.82 

84.81 

108.63 

40 

133.163 

0.01391 

0.4402 

0.4541 

27.41 

81.95 

109.36 

50 

157.473 

0.01420 

0.3676 

0.3818 

31.06 

78.96 

110.02 

60 

184.980 

0.01451 

0.3076 

0.3221 

34.78 

75.82 

110.59 

70 

215.951 

0.01486 

0.2576 

0.2724 

38.57 

72.50 

111.07 

80 

250.665 

0.01525 

0.2156 

0.2308 

42.46 

68.97 

111.44 

90 

289.421 

0.01569 

0.1800 

0.1957 

46.46 

65.20 

111.66 

100 

332.541 

0.01619 

0.1495 

0.1657 

50.59 

61.12 

111.70 

110 

380.377 

0.01679 

0.1231 

0.1399 

54.88 

56.64 

111.52 

120 

433.323 

0.01750 

0.1000 

0.1175 

59.37 

51.65 

111.02 

130 

491.841 

0.01841 

0.0792 

0.0976 

64.18 

45.92 

110.09 

140 

556.488 

0.01966 

0.0599 

0.0796 

69.46 

38.99 

108.46 

150 

627.997 

0.02170 

0.0405 

0.0622 

75.78 

29.65 

105.43 

160 

707.371 

0.03054 

0.0080 

0.0385 

88.87 

6.57 

95.44 

160.4 

710.859 

0.03490 

0 

0.0349 

92.77 

0 

92.77 


866 ■ APPENDIX F ENGLISH UNIT TABLES 


TABLE F.9.1 ( continued ) 

Saturated R- 410a 


Temp. 

(F) 

Press. 

(psia) 

Enthalpy, Btu/lbm 

E ntropy, Btu/lbm R 

Sat. Liquid 

h f 

Evap. 

hfg 

Sat. Vapor 

h g 

Sat. Liquid 

Sf 

Evap. 

Sfg 

Sat. Vapor 

Sg 

-80 

8.196 

- 13.10 

121.14 

108.04 

- 0.0327 

0.3191 

0.2864 

-70 

11.152 

- 9.85 

119.18 

109.33 

- 0.0243 

0.3059 

0.2816 

- 60.5 

14.696 

- 6.75 

117.28 

110.52 

- 0.0164 

0.2938 

0.2774 

-60 

14.905 

- 6.59 

117.17 

110.59 

- 0.0160 

0.2932 

0.2772 

-50 

19.598 

- 3.30 

115.11 

111.81 

- 0.0079 

0.2810 

0.2731 

-40 

25.387 

0 

113.00 

113.00 

0 

0.2692 

0.2692 

-30 

32.436 

3.33 

110.81 

114.14 

0.0078 

0.2579 

0.2657 

-20 

40.923 

6.69 

108.55 

115.24 

0.0155 

0.2469 

0.2624 

-10 

51.034 

10.08 

106.20 

116.29 

0.0231 

0.2362 

0.2592 

0 

62.967 

13.52 

103.76 

117.28 

0.0306 

0.2257 

0.2563 

10 

76.926 

17.00 

101.22 

118.21 

0.0380 

0.2155 

0.2535 

20 

93.128 

20.52 

98.55 

119.07 

0.0453 

0.2055 

0.2508 

30 

111.796 

24.11 

95.75 

119.85 

0.0526 

0.1955 

0.2482 

40 

133.163 

27.75 

92.80 

120.55 

0.0599 

0.1857 

0.2456 

50 

157.473 

31.47 

89.67 

121.14 

0.0671 

0.1759 

0.2431 

60 

184.980 

35.27 

86.35 

121.62 

0.0744 

0.1662 

0.2405 

70 

215.951 

39.17 

82.79 

121.96 

0.0816 

0.1563 

0.2379 

80 

250.665 

43.17 

78.97 

122.14 

0.0889 

0.1463 

0.2353 

90 

289.421 

47.30 

74.84 

122.14 

0.0963 

0.1361 

0.2325 

100 

332.541 

51.58 

70.31 

121.90 

0.1038 

0.1256 

0.2294 

110 

380.377 

56.06 

65.31 

121.36 

0.1115 

0.1146 

0.2261 

120 

433.323 

60.78 

59.66 

120.44 

0.1194 

0.1029 

0.2223 

130 

491.841 

65.85 

53.12 

118.97 

0.1277 

0.0901 

0.2178 

140 

556.488 

71.49 

45.16 

116.65 

0.1368 

0.0753 

0.2121 

150 

627.997 

78.30 

34.36 

112.65 

0.1476 

0.0564 

0.2040 

160 

707.371 

92.87 

7.62 

100.49 

0.1707 

0.0123 

0.1830 

160.4 

710.859 

97.36 

0 

97.36 

0.1779 

0 

0.1779 
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TABLE F.9.2 

Superheated R-410a 


Temp. 

V 

u 

h 

s 

V 

u 

h 

s 

(F) 

(ftVlbm) 

(Btu/lbm) 

(Btu/lbm) 

(Btu/lbm R) 

(ftVlbm) 

(Btu/lbm) 

(Btu/lbm) 

(Btu/lbm R) 



5 psia 

-94.86 F) 



10 psia (-73.61 F) 


Sat. 

10.5483 

96.32 

106.08 

0.2943 

5.5087 

98.67 

108.87 

0.2833 

-80 

11.0228 

98.45 

108.65 

0.3012 

- 

- 

- 

- 

-60 

11.6486 

101.31 

112.09 

0.3100 

5.7350 

100.75 

111.37 

0.2896 

-40 

12.2654 

104.21 

115.56 

0.3185 

6.0583 

103.77 

114.98 

0.2985 

-20 

12.8764 

107.16 

119.07 

0.3266 

6.3746 

106.80 

118.60 

0.3069 

0 

13.4834 

110.17 

122.64 

0.3346 

6.6864 

109.87 

122.24 

0.3150 

20 

14.0874 

113.24 

126.27 

0.3423 

6.9950 

112.98 

125.93 

0.3228 

40 

14.6893 

116.39 

129.98 

0.3499 

7.3014 

116.16 

129.67 

0.3305 

60 

15.2895 

119.61 

133.75 

0.3573 

7.6060 

119.41 

133.49 

0.3379 

80 

15.8884 

122.90 

137.60 

0.3646 

7.9093 

122.73 

137.37 

0.3453 

100 

16.4863 

126.28 

141.53 

0.3717 

8.2115 

126.12 

141.32 

0.3525 

120 

17.0832 

129.73 

145.54 

0.3787 

8.5128 

129.59 

145.34 

0.3595 

140 

17.6795 

133.26 

149.62 

0.3857 

8.8134 

133.14 

149.44 

0.3665 

160 

18.2752 

136.88 

153.78 

0.3925 

9.1135 

136.76 

153.62 

0.3733 

180 

18.8704 

140.57 

158.03 

0.3992 

9.4130 

140.46 

157.88 

0.3801 

200 

19.4653 

144.34 

162.35 

0.4059 

9.7121 

144.24 

162.21 

0.3868 

220 

20.0597 

148.19 

166.75 

0.4125 

10.0109 

148.10 

166.62 

0.3934 



15 psia (-59 

77 F) 



20 psia (-49.24 F) 


Sat. 

3.7630 

100.17 

110.61 

0.2771 

2.8688 

101.28 

111.90 

0.2728 

-40 

3.9875 

103.31 

114.37 

0.2862 

2.9506 

102.81 

113.73 

0.2772 

-20 

4.2063 

106.43 

118.10 

0.2949 

3.1214 

106.04 

117.59 

0.2862 

0 

4.4201 

109.56 

121.83 

0.3032 

3.2865 

109.24 

121.41 

0.2946 

20 

4.6305 

112.72 

125.58 

0.3112 

3.4479 

112.46 

125.22 

0.3027 

40 

4.8385 

115.94 

129.37 

0.3189 

3.6068 

115.71 

129.06 

0.3106 

60 

5.0447 

119.21 

133.22 

0.3265 

3.7638 

119.01 

132.94 

0.3182 

80 

5.2495 

122.55 

137.13 

0.3339 

3.9194 

122.38 

136.88 

0.3257 

100 

5.4531 

125.97 

141.10 

0.3411 

4.0739 

125.81 

140.88 

0.3329 

120 

5.6559 

129.45 

145.15 

0.3482 

4.2274 

129.31 

144.95 

0.3401 

140 

5.8580 

133.01 

149.27 

0.3552 

4.3803 

132.88 

149.09 

0.3471 

160 

6.0595 

136.64 

153.46 

0.3621 

4.5325 

136.52 

153.30 

0.3540 

180 

6.2605 

140.35 

157.73 

0.3688 

4.6842 

140.25 

157.58 

0.3608 

200 

6.4611 

144.14 

162.08 

0.3755 

4.8355 

144.04 

161.94 

0.3675 

220 

6.6613 

148.01 

166.50 

0.3821 

4.9865 

147.91 

166.37 

0.3741 

240 

6.8613 

151.95 

170.99 

0.3887 

5.1372 

151.86 

170.88 

0.3807 

260 

7.0609 

155.97 

175.57 

0.3951 

5.2876 

155.89 

175.46 

0.3871 
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TABLE F.9.2 ( continued ) 

Superheated R-410a 


Temp. 

V 

u 

h 

s 

M 

u 

h 

s 

(F) 

(ftVlbm) 

(Btu/lbm) 

(Btu/lbm) 

(Btu/lbm R) 

(ftVlbm) 

(Btu/lbm) 

(Btu/lbm) 

(Btu/lbm R) 



30 psia ( 

-33.24 F) 



40 psia 

-21.00 F) 


Sat. 

1.9534 

102.93 

113.77 

0.2668 

1.4843 

104.14 

115.13 

0.2627 

-20 

2.0347 

105.22 

116.52 

0.2732 

1.4892 

104.33 

115.35 

0.2632 

0 

2.1518 

108.59 

120.53 

0.2821 

1.5833 

107.89 

119.61 

0.2727 

20 

2.2647 

111.91 

124.48 

0.2905 

1.6723 

111.34 

123.72 

0.2814 

40 

2.3747 

115.24 

128.43 

0.2986 

1.7581 

114.76 

127.78 

0.2897 

60 

2.4827 

118.61 

132.39 

0.3063 

1.8418 

118.19 

131.83 

0.2977 

80 

2.5892 

122.02 

136.39 

0.3139 

1.9238 

121.66 

135.90 

0.3053 

100 

2.6944 

125.49 

140.45 

0.3213 

2.0045 

125.17 

140.00 

0.3128 

120 

2.7988 

129.02 

144.56 

0.3285 

2.0844 

128.73 

144.16 

0.3201 

140 

2.9024 

132.62 

148.73 

0.3356 

2.1634 

132.36 

148.37 

0.3273 

160 

3.0054 

136.29 

152.97 

0.3425 

2.2418 

136.05 

152.64 

0.3343 

180 

3.1079 

140.03 

157.28 

0.3494 

2.3197 

139.81 

156.98 

0.3412 

200 

3.2099 

143.84 

161.66 

0.3561 

2.3971 

143.64 

161.38 

0.3479 

220 

3.3116 

147.73 

166.11 

0.3628 

2.4742 

147.54 

165.86 

0.3546 

240 

3.4130 

151.69 

170.64 

0.3693 

2.5510 

151.52 

170.40 

0.3612 

260 

3.5142 

155.73 

175.23 

0.3758 

2.6275 

155.56 

175.01 

0.3677 

280 

3.6151 

159.83 

179.90 

0.3822 

2.7037 

159.68 

179.69 

0.3741 



60 psia 

-2.34 F) 



75 psia (8.71 F) 


Sat. 

1.0038 

105.91 

117.05 

0.2570 

0.8071 

106.89 

118.09 

0.2538 

0 

1.0120 

106.37 

117.60 

0.2582 

- 

- 

- 

- 

20 

1.0783 

110.13 

122.11 

0.2678 

0.8393 

109.15 

120.80 

0.2595 

40 

1.1405 

113.76 

126.42 

0.2766 

0.8926 

112.96 

125.35 

0.2688 

60 

1.2001 

117.34 

130.66 

0.2849 

0.9429 

116.66 

129.75 

0.2775 

80 

1.2579 

120.91 

134.88 

0.2929 

0.9911 

120.33 

134.09 

0.2857 

100 

1.3143 

124.51 

139.10 

0.3005 

1.0379 

124.00 

138.40 

0.2935 

120 

1.3696 

128.14 

143.35 

0.3080 

1.0835 

127.69 

142.73 

0.3011 

140 

1.4242 

131.83 

147.64 

0.3153 

1.1283 

131.42 

147.08 

0.3085 

160 

1.4780 

135.57 

151.98 

0.3224 

1.1724 

135.20 

151.47 

0.3157 

180 

1.5313 

139.37 

156.37 

0.3294 

1.2159 

139.03 

155.90 

0.3227 

200 

1.5842 

143.23 

160.82 

0.3362 

1.2590 

142.92 

160.39 

0.3296 

220 

1.6367 

147.16 

165.34 

0.3430 

1.3016 

146.88 

164.94 

0.3364 

240 

1.6888 

151.16 

169.92 

0.3496 

1.3439 

150.90 

169.55 

0.3431 

260 

1.7407 

155.23 

174.56 

0.3561 

1.3860 

154.99 

174.22 

0.3497 

280 

1.7924 

159.37 

179.27 

0.3626 

1.4278 

159.14 

178.96 

0.3562 

300 

1.8438 

163.58 

184.05 

0.3690 

1.4694 

163.36 

183.76 

0.3626 
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TABLE F.9.2 ( continued ) 

Superheated R-410a 


Temp. 

M 

u 

h 

s 

V 

u 

h 

s 

(F) 

(ftVlbm) 

(Btu/lbm) 

(Btu/lbm) 

(Btu/lbm R) 

(ftVlbm) 

(Btu/lbm) 

(Btu/lbm) 

(Btu/lbm R) 



100 psia (23.84 F) 



125 psia (36.33 F) 


Sat. 

0.6069 

108.15 

119.38 

0.2498 

0.4845 

109.10 

120.31 

0.2465 

40 

0.6433 

111.53 

123.43 

0.2580 

0.4918 

109.93 

121.30 

0.2485 

60 

0.6848 

115.48 

128.16 

0.2673 

0.5288 

114.21 

126.44 

0.2586 

80 

0.7238 

119.32 

132.72 

0.2759 

0.5626 

118.26 

131.28 

0.2677 

100 

0.7611 

123.12 

137.21 

0.2840 

0.5945 

122.21 

135.96 

0.2763 

120 

0.7971 

126.92 

141.67 

0.2919 

0.6250 

126.11 

140.57 

0.2844 

140 

0.8323 

130.73 

146.13 

0.2994 

0.6544 

130.01 

145.15 

0.2921 

160 

0.8666 

134.57 

150.61 

0.3068 

0.6830 

133.93 

149.73 

0.2996 

180 

0.9004 

138.46 

155.12 

0.3140 

0.7109 

137.88 

154.32 

0.3069 

200 

0.9336 

142.40 

159.68 

0.3210 

0.7384 

141.87 

158.95 

0.3141 

220 

0.9665 

146.39 

164.28 

0.3278 

0.7654 

145.91 

163.61 

0.3210 

240 

0.9990 

150.45 

168.94 

0.3346 

0.7920 

150.00 

168.32 

0.3278 

260 

1.0312 

154.57 

173.65 

0.3412 

0.8184 

154.15 

173.08 

0.3346 

280 

1.0632 

158.75 

178.43 

0.3478 

0.8445 

158.36 

177.89 

0.3411 

300 

1.0950 

163.00 

183.26 

0.3542 

0.8703 

162.63 

182.76 

0.3476 

320 

1.1266 

167.31 

188.16 

0.3606 

0.8960 

166.96 

187.69 

0.3540 

340 

1.1580 

171.69 

193.12 

0.3669 

0.9215 

171.36 

192.68 

0.3604 



150 psia (47.06 F) 



175 psia (56.51 F) 


Sat. 

0.4016 

109.83 

120.98 

0.2438 

0.3417 

110.40 

121.47 

0.2414 

60 

0.4236 

112.82 

124.58 

0.2508 

0.3472 

111.27 

122.51 

0.2434 

80 

0.4545 

117.13 

129.74 

0.2606 

0.3766 

115.91 

128.11 

0.2540 

100 

0.4830 

121.25 

134.66 

0.2695 

0.4029 

120.24 

133.29 

0.2634 

120 

0.5099 

125.28 

139.43 

0.2779 

0.4274 

124.41 

138.25 

0.2721 

140 

0.5356 

129.28 

144.14 

0.2859 

0.4505 

128.52 

143.11 

0.2804 

160 

0.5604 

133.27 

148.83 

0.2936 

0.4727 

132.60 

147.90 

0.2882 

180 

0.5845 

137.28 

153.51 

0.3010 

0.4941 

136.68 

152.68 

0.2958 

200 

0.6081 

141.33 

158.20 

0.3082 

0.5150 

140.77 

157.45 

0.3032 

220 

0.6312 

145.41 

162.93 

0.3153 

0.5353 

144.90 

162.24 

0.3103 

240 

0.6540 

149.54 

167.69 

0.3222 

0.5553 

149.07 

167.06 

0.3173 

260 

0.6764 

153.72 

172.50 

0.3290 

0.5750 

153.29 

171.91 

0.3241 

280 

0.6986 

157.96 

177.35 

0.3356 

0.5944 

157.56 

176.81 

0.3309 

300 

0.7205 

162.26 

182.26 

0.3422 

0.6135 

161.88 

181.75 

0.3375 

320 

0.7423 

166.61 

187.22 

0.3486 

0.6325 

166.26 

186.74 

0.3439 

340 

0.7639 

171.03 

192.23 

0.3550 

0.6513 

170.70 

191.79 

0.3503 

360 

0.7853 

175.51 

197.31 

0.3612 

0.6699 

175.19 

196.89 

0.3566 
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TABLE F.9.2 ( continued ) 

Superheated R-410a 


Temp. 

V 

u 

h 

s 

M 

u 

h 

s 

(F) 

(ftVlbm) 

(Btu/lbm) 

(Btu/lbm) 

(Btu/lbm R) 

(ftVlbm) 

(Btu/lbm) 

(Btu/lbm) 

(Btu/lbm R) 



200 psi 

a (65.00 F) 



300 psia (92.55 F) 


Sat. 

0.2962 

110.85 

121.81 

0.2392 

0.1876 

111.69 

122.10 

0.2317 

80 

0.3174 

114.59 

126.34 

0.2477 

- 

- 

- 

- 

100 

0.3424 

119.17 

131.84 

0.2578 

0.1967 

113.96 

124.88 

0.2367 

120 

0.3652 

123.51 

137.02 

0.2669 

0.2176 

119.37 

131.45 

0.2483 

140 

0.3865 

127.73 

142.04 

0.2754 

0.2356 

124.26 

137.34 

0.2582 

160 

0.4068 

131.90 

146.96 

0.2834 

0.2519 

128.90 

142.89 

0.2673 

180 

0.4262 

136.05 

151.83 

0.2912 

0.2671 

133.41 

148.24 

0.2758 

200 

0.4451 

140.21 

156.68 

0.2987 

0.2815 

137.84 

153.47 

0.2839 

220 

0.4634 

144.39 

161.54 

0.3059 

0.2952 

142.25 

158.63 

0.2916 

240 

0.4813 

148.60 

166.41 

0.3130 

0.3084 

146.64 

163.77 

0.2991 

260 

0.4989 

152.85 

171.32 

0.3199 

0.3212 

151.05 

168.89 

0.3063 

280 

0.5162 

157.15 

176.26 

0.3267 

0.3337 

155.49 

174.01 

0.3133 

300 

0.5333 

161.50 

181.24 

0.3333 

0.3460 

159.95 

179.16 

0.3202 

320 

0.5502 

165.90 

186.26 

0.3398 

0.3580 

164.45 

184.33 

0.3269 

340 

0.5668 

170.36 

191.34 

0.3463 

0.3698 

169.00 

189.53 

0.3335 

360 

0.5834 

174.88 

196.47 

0.3526 

0.3814 

173.60 

194.77 

0.3399 

380 

0.5997 

179.45 

201.65 

0.3588 

0.3929 

178.24 

200.05 

0.3463 



400 psia (113.82 F) 



600 psia (146.21 F) 


Sat. 

0.1310 

111.37 

121.06 

0.2247 

0.0688 

106.83 

114.47 

0.2075 

120 

0.1383 

113.71 

123.95 

0.2297 

- 

- 

- 

- 

140 

0.1574 

120.01 

131.66 

0.2428 

- 

- 

- 

- 

160 

0.1729 

125.42 

138.22 

0.2536 

0.0871 

115.40 

125.06 

0.2248 

180 

0.1865 

130.44 

144.25 

0.2632 

0.1026 

122.94 

134.33 

0.2396 

200 

0.1990 

135.25 

149.98 

0.2720 

0.1146 

129.11 

141.83 

0.2511 

220 

0.2106 

139.94 

155.53 

0.2803 

0.1249 

134.69 

148.55 

0.2612 

240 

0.2216 

144.57 

160.97 

0.2882 

0.1342 

139.96 

154.85 

0.2703 

260 

0.2322 

149.16 

166.35 

0.2957 

0.1427 

145.05 

160.89 

0.2788 

280 

0.2424 

153.75 

171.69 

0.3031 

0.1508 

150.03 

166.77 

0.2869 

300 

0.2522 

158.34 

177.02 

0.3102 

0.1584 

154.95 

172.53 

0.2946 

320 

0.2619 

162.96 

182.34 

0.3171 

0.1657 

159.83 

178.23 

0.3020 

340 

0.2713 

167.61 

187.69 

0.3238 

0.1728 

164.71 

183.89 

0.3091 

360 

0.2805 

172.29 

193.05 

0.3305 

0.1796 

169.58 

189.52 

0.3161 

380 

0.2895 

177.01 

198.44 

0.3370 

0.1863 

174.47 

195.15 

0.3229 

400 

0.2985 

181.77 

203.86 

0.3434 

0.1928 

179.39 

200.79 

0.3295 

420 

0.3073 

186.58 

209.32 

0.3496 

0.1991 

184.33 

206.44 

0.3360 
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TABLE F.10 

T hermodynamic Properties of R -134a 

TABLE F. 1 0.1 

Saturated R-134a 


Specific Volume, ft^lbm I nternal E nergy, Btu/lbm 


Temp. 

(F) 

Press. 

(psia) 

Sat. Liquid 

Vf 

Evap. 

v fg 

Sat. Vapor 

Mg 

Sat. Liquid 

Uf 

Evap. 

Ufg 

Sat. Vapor 

Ug 

-100 

0.951 

0.01077 

39.5032 

39.5139 

50.47 

94.15 

144.62 

-90 

1.410 

0.01083 

27.3236 

27.3345 

52.03 

93.89 

145.92 

-80 

2.047 

0.01091 

19.2731 

19.2840 

53.96 

93.27 

147.24 

-70 

2.913 

0.01101 

13.8538 

13.8648 

56.19 

92.38 

148.57 

-60 

4.067 

0.01111 

10.1389 

10.1501 

58.64 

91.26 

149.91 

-50 

5.575 

0.01122 

7.5468 

7.5580 

61.27 

89.99 

151.26 

-40 

7.511 

0.01134 

5.7066 

5.7179 

64.04 

88.58 

152.62 

-30 

9.959 

0.01146 

4.3785 

4.3900 

66.90 

87.09 

153.99 

-20 

13.009 

0.01159 

3.4049 

3.4165 

69.83 

85.53 

155.36 

- 15.3 

14.696 

0.01166 

3.0350 

3.0466 

71.25 

84.76 

156.02 

-10 

16.760 

0.01173 

2.6805 

2.6922 

72.83 

83.91 

156.74 

0 

21.315 

0.01187 

2.1340 

2.1458 

75.88 

82.24 

158.12 

10 

26.787 

0.01202 

1.7162 

1.7282 

78.96 

80.53 

159.50 

20 

33.294 

0.01218 

1.3928 

1.4050 

82.09 

78.78 

160.87 

30 

40.962 

0.01235 

1.1398 

1.1521 

85.25 

76.99 

162.24 

40 

49.922 

0.01253 

0.9395 

0.9520 

88.45 

75.16 

163.60 

50 

60.311 

0.01271 

0.7794 

0.7921 

91.68 

73.27 

164.95 

60 

72.271 

0.01291 

0.6503 

0.6632 

94.95 

71.32 

166.28 

70 

85.954 

0.01313 

0.5451 

0.5582 

98.27 

69.31 

167.58 

80 

101.515 

0.01335 

0.4588 

0.4721 

101.63 

67.22 

168.85 

90 

119.115 

0.01360 

0.3873 

0.4009 

105.04 

65.04 

170.09 

100 

138.926 

0.01387 

0.3278 

0.3416 

108.51 

62.77 

171.28 

110 

161.122 

0.01416 

0.2777 

0.2919 

112.03 

60.38 

172.41 

120 

185.890 

0.01448 

0.2354 

0.2499 

115.62 

57.85 

173.48 

130 

213.425 

0.01483 

0.1993 

0.2142 

119.29 

55.17 

174.46 

140 

243.932 

0.01523 

0.1684 

0.1836 

123.04 

52.30 

175.34 

150 

277.630 

0.01568 

0.1415 

0.1572 

126.89 

49.21 

176.11 

160 

314.758 

0.01620 

0.1181 

0.1343 

130.86 

45.85 

176.71 

170 

355.578 

0.01683 

0.0974 

0.1142 

134.99 

42.12 

177.11 

180 

400.392 

0.01760 

0.0787 

0.0963 

139.32 

37.91 

177.23 

190 

449.572 

0.01862 

0.0614 

0.0801 

143.97 

32.94 

176.90 

200 

503.624 

0.02013 

0.0444 

0.0645 

149.19 

26.59 

175.79 

210 

563.438 

0.02334 

0.0238 

0.0471 

156.18 

16.17 

172.34 

214.1 

589.953 

0.03153 

0 

0.0315 

164.65 

0 

164.65 


872 ■ APPENDIX F ENGLISH UNIT TABLES 


TABLE F.10.1 ( continued ) 

Saturated R-134a 


Temp. 

(F) 

Press. 

(psia) 

Enthalpy, Btu/lbm 

E ntropy, Btu/lbm R 

Sat. Liquid 

h f 

Evap. 

hfg 

Sat. Vapor 
hg 

Sat. Liquid 

Sf 

Evap. 

Sfg 

Sat. Vapor 

Sg 

-100 

0.951 

50.47 

101.10 

151.57 

0.1563 

0.2811 

0.4373 

-90 

1.410 

52.04 

101.02 

153.05 

0.1605 

0.2733 

0.4338 

-80 

2.047 

53.97 

100.58 

154.54 

0.1657 

0.2649 

0.4306 

-70 

2.913 

56.19 

99.85 

156.04 

0.1715 

0.2562 

0.4277 

-60 

4.067 

58.65 

98.90 

157.55 

0.1777 

0.2474 

0.4251 

-50 

5.575 

61.29 

97.77 

159.06 

0.1842 

0.2387 

0.4229 

-40 

7.511 

64.05 

96.52 

160.57 

0.1909 

0.2300 

0.4208 

-30 

9.959 

66.92 

95.16 

162.08 

0.1976 

0.2215 

0.4191 

-20 

13.009 

69.86 

93.72 

163.59 

0.2044 

0.2132 

0.4175 

- 15.3 

14.696 

71.28 

93.02 

164.30 

0.2076 

0.2093 

0.4169 

-10 

16.760 

72.87 

92.22 

165.09 

0.2111 

0.2051 

0.4162 

0 

21.315 

75.92 

90.66 

166.58 

0.2178 

0.1972 

0.4150 

10 

26.787 

79.02 

89.04 

168.06 

0.2244 

0.1896 

0.4140 

20 

33.294 

82.16 

87.36 

169.53 

0.2310 

0.1821 

0.4132 

30 

40.962 

85.34 

85.63 

170.98 

0.2375 

0.1749 

0.4124 

40 

49.922 

88.56 

83.83 

172.40 

0.2440 

0.1678 

0.4118 

50 

60.311 

91.82 

81.97 

173.79 

0.2504 

0.1608 

0.4112 

60 

72.271 

95.13 

80.02 

175.14 

0.2568 

0.1540 

0.4108 

70 

85.954 

98.48 

77.98 

176.46 

0.2631 

0.1472 

0.4103 

80 

101.515 

101.88 

75.84 

177.72 

0.2694 

0.1405 

0.4099 

90 

119.115 

105.34 

73.58 

178.92 

0.2757 

0.1339 

0.4095 

100 

138.926 

108.86 

71.19 

180.06 

0.2819 

0.1272 

0.4091 

110 

161.122 

112.46 

68.66 

181.11 

0.2882 

0.1205 

0.4087 

120 

185.890 

116.12 

65.95 

182.07 

0.2945 

0.1138 

0.4082 

130 

213.425 

119.88 

63.04 

182.92 

0.3008 

0.1069 

0.4077 

140 

243.932 

123.73 

59.90 

183.63 

0.3071 

0.0999 

0.4070 

150 

277.630 

127.70 

56.49 

184.18 

0.3135 

0.0926 

0.4061 

160 

314.758 

131.81 

52.73 

184.53 

0.3200 

0.0851 

0.4051 

170 

355.578 

136.09 

48.53 

184.63 

0.3267 

0.0771 

0.4037 

180 

400.392 

140.62 

43.74 

184.36 

0.3336 

0.0684 

0.4020 

190 

449.572 

145.52 

38.05 

183.56 

0.3409 

0.0586 

0.3995 

200 

503.624 

151.07 

30.73 

181.80 

0.3491 

0.0466 

0.3957 

210 

563.438 

158.61 

18.65 

177.26 

0.3601 

0.0278 

0.3879 

214.1 

589.953 

168.09 

0 

168.09 

0.3740 

0 

0.3740 
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TABLE F.10.2 

Superheated R- 134a 


Temp. 

V 

u 

h 

s 

V 

u 

h 

s 

(F) 

(ftVlbm) 

(Btu/lbm) 

(Btu/lbm) 

(Btu/lbm R) 

(ftVlbm) 

(Btu/lbm) 

(Btu/lbm) 

(Btu/lbm R) 



5 psia 

-53.51 F) 



15 psia 

-14.44 F) 


Sat. 

8.3676 

150.78 

158.53 

0.4236 

2.9885 

156.13 

164.42 

0.4168 

-20 

9.1149 

156.03 

164.47 

0.4377 

- 

- 

- 

- 

0 

9.5533 

159.27 

168.11 

0.4458 

3.1033 

158.58 

167.19 

0.4229 

20 

9.9881 

162.58 

171.83 

0.4537 

3.2586 

162.01 

171.06 

0.4311 

40 

10.4202 

165.99 

175.63 

0.4615 

3.4109 

165.51 

174.97 

0.4391 

60 

10.8502 

169.48 

179.52 

0.4691 

3.5610 

169.07 

178.95 

0.4469 

80 

11.2786 

173.06 

183.50 

0.4766 

3.7093 

172.70 

183.00 

0.4545 

100 

11.7059 

176.73 

187.56 

0.4840 

3.8563 

176.41 

187.12 

0.4620 

120 

12.1322 

180.49 

191.71 

0.4913 

4.0024 

180.20 

191.31 

0.4694 

140 

12.5578 

184.33 

195.95 

0.4985 

4.1476 

184.08 

195.59 

0.4767 

160 

12.9828 

188.27 

200.28 

0.5056 

4.2922 

188.03 

199.95 

0.4838 

180 

13.4073 

192.29 

204.69 

0.5126 

4.4364 

192.07 

204.39 

0.4909 

200 

13.8314 

196.39 

209.19 

0.5195 

4.5801 

196.19 

208.91 

0.4978 

220 

14.2551 

200.58 

213.77 

0.5263 

4.7234 

200.40 

213.51 

0.5047 

240 

14.6786 

204.86 

218.44 

0.5331 

4.8665 

204.68 

218.19 

0.5115 

260 

15.1019 

209.21 

223.19 

0.5398 

5.0093 

209.05 

222.96 

0.5182 

280 

15.5250 

213.65 

228.02 

0.5464 

5.1519 

213.50 

227.80 

0.5248 

300 

15.9478 

218.17 

232.93 

0.5530 

5.2943 

218.03 

232.72 

0.5314 

320 

16.3706 

222.78 

237.92 

0.5595 

5.4365 

222.64 

237.73 

0.5379 



30 psia (15.15 F) 



40 psia 

(28.83 F) 


Sat. 

1.5517 

160.21 

168.82 

0.4136 

1.1787 

162.08 

170.81 

0.4125 

20 

1.5725 

161.09 

169.82 

0.4157 

- 

— 

— 

— 

40 

1.6559 

164.73 

173.93 

0.4240 

1.2157 

164.18 

173.18 

0.4173 

60 

1.7367 

168.41 

178.05 

0.4321 

1.2796 

167.95 

177.42 

0.4256 

80 

1.8155 

172.14 

182.21 

0.4400 

1.3413 

171.74 

181.67 

0.4336 

100 

1.8929 

175.92 

186.43 

0.4477 

1.4015 

175.57 

185.95 

0.4414 

120 

1.9691 

179.77 

190.70 

0.4552 

1.4604 

179.46 

190.27 

0.4490 

140 

2.0445 

183.68 

195.03 

0.4625 

1.5184 

183.41 

194.65 

0.4565 

160 

2.1192 

187.68 

199.44 

0.4697 

1.5757 

187.43 

199.09 

0.4637 

180 

2.1933 

191.74 

203.92 

0.4769 

1.6324 

191.52 

203.60 

0.4709 

200 

2.2670 

195.89 

208.48 

0.4839 

1.6886 

195.69 

208.18 

0.4780 

220 

2.3403 

200.12 

213.11 

0.4908 

1.7444 

199.93 

212.84 

0.4849 

240 

2.4133 

204.42 

217.82 

0.4976 

1.7999 

204.24 

217.57 

0.4918 

260 

2.4860 

208.80 

222.61 

0.5044 

1.8552 

208.64 

222.37 

0.4985 

280 

2.5585 

213.27 

227.47 

0.5110 

1.9102 

213.11 

227.25 

0.5052 

300 

2.6309 

217.81 

232.41 

0.5176 

1.9650 

217.66 

232.20 

0.5118 

320 

2.7030 

222.42 

237.43 

0.5241 

2.0196 

222.28 

237.23 

0.5184 

340 

2.7750 

227.12 

242.53 

0.5306 

2.0741 

226.99 

242.34 

0.5248 

360 

2.8469 

231.89 

247.70 

0.5370 

2.1285 

231.76 

247.52 

0.5312 
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TABLE F.io.2 ( continued ) 

Superheated R- 134a 


Temp. 

V 

u 

h 

s 

M 

u 

h 

s 

(F) 

(ftVlbm) 

(Btu/lbm) 

(Btu/lbm) 

(Btu/lbm R) 

(ftVlbm) 

(Btu/lbm) 

(Btu/lbm) 

(Btu/lbm R) 



60 psia (49.72 F) 



80 psia (65.81 F) 


Sat. 

0.7961 

164.91 

173.75 

0.4113 

0.5996 

167.04 

175.91 

0.4105 

60 

0.8204 

166.95 

176.06 

0.4157 

- 

- 

- 

- 

80 

0.8657 

170.89 

180.51 

0.4241 

0.6262 

169.97 

179.24 

0.4168 

100 

0.9091 

174.85 

184.94 

0.4322 

0.6617 

174.06 

183.86 

0.4252 

120 

0.9510 

178.82 

189.38 

0.4400 

0.6954 

178.15 

188.44 

0.4332 

140 

0.9918 

182.85 

193.86 

0.4476 

0.7279 

182.25 

193.03 

0.4410 

160 

1.0318 

186.92 

198.38 

0.4550 

0.7595 

186.39 

197.64 

0.4485 

180 

1.0712 

191.06 

202.95 

0.4623 

0.7903 

190.58 

202.28 

0.4559 

200 

1.1100 

195.26 

207.59 

0.4694 

0.8205 

194.83 

206.98 

0.4632 

220 

1.1484 

199.54 

212.29 

0.4764 

0.8503 

199.14 

211.72 

0.4702 

240 

1.1865 

203.88 

217.05 

0.4833 

0.8796 

203.51 

216.53 

0.4772 

260 

1.2243 

208.30 

221.89 

2.4902 

0.9087 

207.95 

221.41 

0.4841 

280 

1.2618 

212.79 

226.80 

0.4969 

0.9375 

212.47 

226.34 

0.4909 

300 

1.2991 

217.36 

231.78 

0.5035 

0.9661 

217.05 

231.35 

0.4975 

320 

1.3362 

222.00 

236.83 

0.1501 

0.9945 

221.71 

236.43 

0.5041 

340 

1.3732 

226.71 

241.96 

0.5166 

1.0227 

226.44 

241.58 

0.5107 

360 

1.4100 

231.51 

247.16 

0.5230 

1.0508 

231.24 

246.80 

0.5171 

380 

1.4468 

236.37 

252.43 

0.5294 

1.0788 

236.12 

252.09 

0.5235 

400 

1.4834 

241.31 

257.78 

0.5357 

1.1066 

241.07 

257.46 

0.5298 



100 psi 

a (79.08 F) 



125 psia (93.09 F) 


Sat. 

0.4794 

168.74 

177.61 

0.4100 

0.3814 

170.46 

179.28 

0.4094 

80 

0.4809 

168.93 

177.83 

0.4104 

— 

— 

— 

— 

100 

0.5122 

173.20 

182.68 

0.4192 

0.3910 

172.01 

181.06 

0.4126 

120 

0.5414 

177.42 

187.44 

0.4276 

0.4171 

176.43 

186.08 

0.4214 

140 

0.5691 

181.62 

192.15 

0.4356 

0.4413 

180.77 

190.98 

0.4297 

160 

0.5957 

185.84 

196.86 

0.4433 

0.4642 

185.10 

195.84 

0.4377 

180 

0.6215 

190.08 

201.58 

0.4508 

0.4861 

189.43 

200.68 

0.4454 

200 

0.6466 

194.38 

206.34 

0.4581 

0.5073 

193.79 

205.52 

0.4529 

220 

0.6712 

198.72 

211.15 

0.4653 

0.5278 

198.19 

210.40 

0.4601 

240 

0.6954 

203.13 

216.00 

0.4723 

0.5480 

202.64 

215.32 

0.4673 

260 

0.7193 

207.60 

220.91 

0.4792 

0.5677 

207.15 

220.28 

0.4743 

280 

0.7429 

212.14 

225.88 

0.4861 

0.5872 

211.72 

225.30 

0.4811 

300 

0.7663 

216.74 

230.92 

0.4928 

0.6064 

216.35 

230.38 

0.4879 

320 

0.7895 

221.42 

236.03 

0.4994 

0.6254 

221.05 

235.51 

0.4946 

340 

0.8125 

226.16 

241.20 

0.5060 

0.6442 

225.81 

240.71 

0.5012 

360 

0.8353 

230.98 

246.44 

0.5124 

0.6629 

230.65 

245.98 

0.5077 

380 

0.8580 

235.87 

251.75 

0.5188 

0.6814 

235.56 

251.32 

0.5141 

400 

0.8806 

240.83 

257.13 

0.5252 

0.6998 

240.53 

256.72 

0.5205 
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TABLE F.10.2 ( continued ) 

S uperheated R -134a 


Temp. 

M 

u 

h 

s 

V 

u 

h 

s 

(F) 

(ftVlbm) 

(Btu/lbm) 

(Btu/lbm) 

(Btu/lbm R) 

(ftVlbm) 

(Btu/lbm) 

(Btu/lbm) 

(Btu/lbm R) 



150 psia (105.13 F) 



200 psia (125.25 F) 


Sat. 

0.3150 

171.87 

180.61 

0.4089 

0.2304 

174.00 

182.53 

0.4080 

120 

0.3332 

175.33 

184.57 

0.4159 

— 

- 

— 

- 

140 

0.3554 

179.85 

189.72 

0.4246 

0.2459 

177.72 

186.82 

0.4152 

160 

0.3761 

184.31 

194.75 

0.4328 

0.2645 

182.54 

192.33 

0.4242 

180 

0.3955 

188.74 

199.72 

0.4407 

0.2814 

187.23 

197.64 

0.4327 

200 

0.4141 

193.18 

204.67 

0.4484 

0.2971 

191.86 

202.85 

0.4407 

220 

0.4321 

197.64 

209.63 

0.4558 

0.3120 

196.46 

208.01 

0.4484 

240 

0.4496 

202.14 

214.62 

0.4630 

0.3262 

201.08 

213.15 

0.4559 

260 

0.4666 

206.69 

219.64 

0.4701 

0.3400 

205.72 

218.31 

0.4631 

280 

0.4833 

211.29 

224.70 

0.4770 

0.3534 

210.40 

223.48 

0.4702 

300 

0.4998 

215.95 

229.82 

0.4838 

0.3664 

215.13 

228.69 

0.4772 

320 

0.5160 

220.67 

235.00 

0.4906 

0.3792 

219.91 

233.94 

0.4840 

340 

0.5320 

225.46 

240.23 

0.4972 

0.3918 

224.74 

239.24 

0.4907 

360 

0.5479 

230.32 

245.52 

0.5037 

0.4042 

229.64 

244.60 

0.4973 

380 

0.5636 

235.24 

250.88 

0.5102 

0.4165 

234.60 

250.01 

0.5038 

400 

0.5792 

240.23 

256.31 

0.5166 

0.4286 

239.62 

255.48 

0.5103 



250 psia (141.87 F) 



300 psia (156.14 F) 


Sat. 

0.1783 

175.50 

183.75 

0.4068 

0.1428 

176.50 

184.43 

0.4055 

160 

0.1955 

180.42 

189.46 

0.4162 

0.1467 

177.70 

185.84 

0.4078 

180 

0.2117 

185.49 

195.28 

0.4255 

0.1637 

183.44 

192.53 

0.4184 

200 

0.2261 

190.38 

200.84 

0.4340 

0.1779 

188.71 

198.59 

0.4278 

220 

0.2394 

195.18 

206.26 

0.4421 

0.1905 

193.77 

204.35 

0.4364 

240 

0.2519 

199.94 

211.60 

0.4498 

0.2020 

198.72 

209.93 

0.4445 

260 

0.2638 

204.70 

216.90 

0.4573 

0.2128 

203.62 

215.43 

0.4522 

280 

0.2752 

209.47 

222.21 

0.4646 

0.2230 

208.50 

220.88 

0.4597 

300 

0.2863 

214.27 

227.52 

0.4717 

0.2328 

213.39 

226.31 

0.4669 

320 

0.2971 

219.12 

232.86 

0.4786 

0.2423 

218.30 

231.75 

0.4740 

340 

0.3076 

224.01 

238.24 

0.4854 

0.2515 

223.25 

237.21 

0.4809 

360 

0.3180 

228.95 

243.66 

0.4921 

0.2605 

228.24 

242.70 

0.4877 

380 

0.3282 

233.95 

249.13 

0.4987 

0.2693 

233.29 

248.24 

0.4944 

400 

0.3382 

239.01 

254.65 

0.5052 

0.2779 

238.38 

253.81 

0.5009 
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TABLE F.10.2 ( continued ) 

Superheated R- 134a 


Temp. 

(F) 

V 

(ft^/lbm) 

u 

(Btu/lbm) 

h 

(Btu/lbm) 

s V 

(Btu/lbm R) (fWlbm) 

u 

(Btu/lbm) 

h 

(Btu/lbm) 

s 

(Btu/lbm R) 



400 psia (179.92 F) 



500 psia (199.36 F) 


Sat. 

0.0965 

177.23 

184.37 

0.4020 

0.0655 

175.90 

181.96 

0.3960 

180 

0.0966 

177.26 

184.41 

0.4020 

- 

- 

- 

- 

200 

0.1146 

184.44 

192.92 

0.4152 

0.0666 

176.38 

182.54 

0.3969 

220 

0.1277 

190.41 

199.86 

0.4255 

0.0867 

185.78 

193.80 

0.4137 

240 

0.1386 

195.92 

206.19 

0.4347 

0.0990 

192.46 

201.62 

0.4251 

260 

0.1484 

201.21 

212.20 

0.4432 

0.1089 

198.40 

208.47 

0.4347 

280 

0.1573 

206.38 

218.03 

0.4512 

0.1174 

204.00 

214.86 

0.4435 

300 

0.1657 

211.49 

223.76 

0.4588 

0.1252 

209.41 

220.99 

0.4517 

320 

0.1737 

216.58 

229.44 

0.4662 

0.1323 

214.74 

226.98 

0.4594 

340 

0.1813 

221.68 

235.09 

0.4733 

0.1390 

220.01 

232.87 

0.4669 

360 

0.1886 

226.79 

240.75 

0.4803 

0.1454 

225.27 

238.73 

0.4741 

380 

0.1957 

231.93 

246.42 

0.4872 

0.1516 

230.53 

244.56 

0.4812 

400 

0.2027 

237.12 

252.12 

0.4939 

0.1575 

235.82 

250.39 

0.4880 



750 psia 



1000 psia 


180 

0.01640 

136.22 

138.49 

0.3285 

0.01593 

134.77 

137.71 

0.3262 

200 

0.01786 

144.85 

147.32 

0.3421 

0.01700 

142.70 

145.84 

0.3387 

220 

0.02069 

155.27 

158.14 

0.3583 

0.01851 

151.26 

154.69 

0.3519 

240 

0.03426 

173.83 

178.58 

0.3879 

0.02102 

160.95 

164.84 

0.3666 

260 

0.05166 

187.78 

194.95 

0.4110 

0.02603 

172.59 

177.40 

0.3843 

280 

0.06206 

196.16 

204.77 

0.4244 

0.0341 

184.70 

191.01 

0.4029 

300 

0.06997 

203.08 

212.79 

0.4351 

0.04208 

194.58 

202.37 

0.4181 

320 

0.07662 

209.37 

220.00 

0.4445 

0.04875 

202.67 

211.69 

0.4302 

340 

0.08250 

215.33 

226.78 

0.4531 

0.05441 

209.79 

219.86 

0.4406 

360 

0.08786 

221.11 

233.30 

0.4611 

0.05938 

216.36 

227.35 

0.4498 

380 

0.09284 

226.78 

239.66 

0.4688 

0.06385 

222.61 

234.43 

0.4583 

400 

0.09753 

232.39 

245.92 

0.4762 

0.06797 

228.67 

241.25 

0.4664 
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TABLE F.1 1 

Enthalpy of Formation and Absolute E ntropy of Various Substances at 77 F, 1 atm Pressure 


Substance 

Formula 

M 

Ibm/lbmol 

State 

h° 

"f 

Btu/lbmol 

S°f 

Btu/lbmol R 

Acetylene 

C 2 H 2 

26.038 

gas 

+97 477 

47.972 

Ammonia 

nh 3 

17.031 

gas 

-19 656 

45.969 

Benzene 

c 6 h 6 

78.114 

gas 

+35 675 

64.358 

Carbon dioxide 

co 2 

44.010 

gas 

-169 184 

51.038 

Carbon (graphite) 

c 

12.011 

solid 

0 

1.371 

Carbon monoxide 

CO 

28.011 

gas 

-47 518 

47.182 

Ethanol 

C 2 H 50 H 

46.069 

gas 

-101 032 

67.434 

Ethanol 

C 2 H 50 H 

46.069 

liq 

-119 252 

38.321 

Ethane 

c 2 h 6 

30.070 

gas 

-36 432 

54.812 

Ethene 

C 2 H 4 

28.054 

gas 

+22 557 

52.360 

Heptane 

C 7 H 16 

100.205 

gas 

-80 782 

102.153 

Hexane 

CeH 14 

86.178 

gas 

-71926 

92.641 

Hydrogen peroxide 

H 2 O 2 

34.015 

gas 

-58 515 

55.623 

M ethane 

ch 4 

16.043 

gas 

-32 190 

44.459 

M ethanol 

ch 3 oh 

32.042 

gas 

-86 543 

57.227 

M ethanol 

CH 30 H 

32.042 

liq 

-102 846 

30.261 

n-Butane 

C 4 H 10 

58.124 

gas 

-54 256 

73.215 

N itrogen oxide 

n 2 o 

44.013 

gas 

+35 275 

52.510 

N itromethane 

CH 3 N 02 

61.04 

liq 

-48 624 

41.034 

n-Octane 

CsH is 

114.232 

gas 

-89 682 

111.399 

n-Octane 

CsH is 

114.232 

liq 

-107 526 

86.122 

Ozone 

0 3 

47.998 

gas 

+61 339 

57.042 

Pentane 

C 5 H 12 

72.151 

gas 

-62 984 

83.318 

Propane 

c 3 H 8 

44.094 

gas 

-44 669 

64.442 

Propene 

c 3 h 6 

42.081 

gas 

+8 783 

63.761 

Sulfur 

s 

32.06 

solid 

0 

7.656 

Sulfur dioxide 

so 2 

64.059 

gas 

-127 619 

59.258 

Sulfur trioxide 

so 3 

80.058 

gas 

-170 148 

61.302 

T-T-Diesel 

C 14.4 H 24.9 

198.06 

liq 

-74 807 

125.609 

Water 

h 2 o 

18.015 

gas 

-103 966 

45.076 

Water 

h 2 o 

18.015 

liq 

-122 885 

16.707 


Answers to Selected 
Problems 


2.21 0.397 kmol 
2.24 0.193 ms- 2 
2.27 6916 N 
2.30 6000 N, 3.8 s 
2.33 2300 N 
2.36 11 x 10 6 kg 
2.39 1.28 kg/m 3 
2.42 700 N 
2.45 1752 kg 
2.48 24 374 ms- 2 
2.51 113 kPa 
2.54 19910 kg 
2.57 150 kPa 
2.60 1346 kPa 
2.63 0.12 kPa 
2.66 40 MPa 
2.69 295 m 
2.72 106.4 kPa 
2.75 8.33 kg 
2.78 268.15 K 
2.81 0.005 m 
2.84 23.94 kPa 
2.87 1116 kPa 
2.90 0.31 Ibf 
2.93 454.7 R 

2.96 57.6 lbm/ft 3 , 38 F, 14.7 psia, 
0.2 Ibm, 6 in. 3 

2.99 1749 Ibf 
2.102 28 x 10 6 Ibm 

2.105 5.89 psi 
2.108 0.36 psi, 20 in. 

2.111 24 psi 


3.18 9123 kPa, -1°C 
3.21 190 K 

3.24 All super heated vapor 
3.27 a. L+V b. V 

c. L+V d.L 

3.39 0.000969 m 3 /kg 
0.0296 m 3 /kg 

3.42 35.7 kg 
3.45 0.05 m, 120.2°C 

3.48 (190, 1555) kPa, 

(0.622,0.0814) m 3 /kg 

3.51 99.98% 

3.54 rise, fall 

3.57 1.32 MPa, 93.3 kg 

3.60 152 227 kg, 4.72 x 10 4 

3.63 212°C,more 

3.66 1.189,0.828,1.809 kg 

3.69 Y,Y,N,N,Y 

3.72 87.5 kg, 545.5 kg 

3.75 204 kPa 

3.78 6.8,20,53% 

3.81 0.603 kg 

3.87 0.45 

3.90 1.04 MPa 

3.93 0.473 

3.96 0.304 m 3 /kg 

3.99 10357 kPa, 10 000 kPa 

3.102 0.00 333 m 3 /kg 

3.105 8040 kPa 

3.108 a. L+V, 1085.7 kPa, x = 0.2713 

b. S.V., 1.4 M Pa, x = undef. 

c. S.V., 0.0445 m 3 /kg 

d. L+V, 0°C, x = 0.7195 
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3.111 

a. S.V., 661.7 kPa 

b. L+V, 149.4°C, 468.2 kPa 

c. Iig„ 2.51 MPa 

d. S.V., 2.55 m 3 /kg 

e. L+V, 68.7°C, 2.06 MPa 

3.114 

1554 kPa, x = 0.118 

3.117 

0.0253 m 3 /min 

3.120 

7.2% 

3.123 

10%, 1.1% 

3.126 

256.7 kPa, -31.3°C 

3.129 

84.5 kPa 

3.132 

x = undef 1200 kPa, 2033 kPa, 
0.03257 m 3 /kg 

3.138 

0.994 

3.141 

(V) P < 0.58 psia < P (L) < 

145 000 psia < P (S) 

3.144 

a) L b) sup. vapor c) L+V 

3.147 

V, 2.0 ft 3 /lbm, L 0.01246 ft 3 /lbm, 
V 1.07 ft 3 /lbm V, 21.56 ft 3 /lbm 

3.150 

2600 psia 

3.153 

10.54 psia 

3.156 

0.111 Ibm 

3.159 

All V, 3.15, 6.65, 6.80 ft 3 /lbm 

3.162 

3.2 ft 3 

3.165 

1.35 Ibm, 450 psia 

3.168 

417.4 F, more 

3.171 

48.25 Ibm, 10% 

4.18 

19.6 N, 9.8 j 

4.21 

150 kj, 14.7 kj 

4.24 

0.000 833 m 3 , 0.083 m, 

0.0278 m 

4.27 

30.4 MJ 

4.30 

-18.5 kj 

4.33 

0.71 m 3 , -291 kj 

4.36 

62.9 kj 

4.39 

-9.96 kj 

4.42 

0.24 kj 

4.45 

-0.014 kj 

4.48 

3 kj 

4.51 

-80 kj 

4.54 

5.06 kg, 250 kj 

4.57 

118 kj 


4.60 2270 kPa, -75 kj 

4.63 583 kj 

4.66 1.29 m 3 , 215 kj 

4.69 1.55 M Pa, 0.5 m 3 , 80 kj 

4.72 829°C, 25.4 m 3 , 3.39 MJ 

4.75 778 kj 

4.78 0.12 mj 

4.81 12.6 J 

4.87 351 Nm 

4.90 8.83 kW 

4.93 272 m/s 

4.96 1500 W 

4.99 1 kW 

4.102 213 W/m 2 

4.105 0.068 m 

4.108 2125 W, 19°C 

4.111 203 kj 

4.114 15.5 kW/m 2 

4.117 200 kPa, 41.9 L, 6.38 kj 

4.120 —74.5 kj/kg 

4.123 243 kj/kg 

4.126 117 kPa, -54 kj 

4.129 699 kPa, 51°C, 1343 kj 

4.132 I Ibf-ft = 1.285 x 10~ 3 Btu 

4.135 6000 Ibf-ft = 7.71 Btu 

4.138 0.0309 ft 3 , 0.309 ft, 

0.103 ft 

4.141 -117.8 Btu 
4.144 3.33 Btu 
4.147 2.01, 56.4 Btu/lbm 
4.150 0,-17.54 Btu 
4.153 22.6 Btu/S 
4.156 0.129 Btu/S 
4.159 17 325 B tu/h 
4.162 -10.49 Btu 

5.15 31 kj 

5.18 30.89 kj, 0.0386 m 3 
5.21 1.89 m 3 
5.24 4100 kPa 

5.27 a. Vapor, 450°C, 0.0633 m 3 /kg 
b. Vapor, 1600 kPa, 1364.9 kj/kg 
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c. liquid, 0.00167 m 3 /kg, 

310.9 kj /kg 

d. L+V, x = 0.7583, 573 kPa, 
0.02754 m 3 /kg 

5.30 a. 13.3°C , 0.0604 m 3 /kg, 270 kj /kg 

b. 1086 kPa, x = 0.6956, 218 kj/kg 

c. 1017 kPa, x = 0.8788, 382 kj/kg 
5.33 a. 0.0245 m 3 /kg, 368.4 kj/kg 

b. 4502 kPa, 192 kj/kg 

c. 9.1°C, 369.5 kj/kg 
5.36 0, -691 kj 

5.39 721 kj 

5.42 -275 kj 

5.45 165 kj 

5.48 291 kj, —165 kj 

5.51 7.8 kj, 3.7°C 

5.54 -214 kj 

5.57 22°C, 1826 kj 

5.60 0.92 kj/kg, 87 kj/kg 

5.63 200 kPa, 0.96 m 3 , 29.7 kj , 756 kj 

5.66 1000 kPa, 218 kj , 744 kj 

5.69 -0.664 kj, -21.8 kj 

5.72 829°C, 26 MJ 

5.75 1.21m 3 , 800 kPa, 170 kj , 5536 kj 

5.78 22.5°C, 141 m/s, 1019 m 

5.81 65°C 

5.84 66°C 

5.87 395 kj 

5.90 1 kj/kg K , 14%, 21% 

5.93 397, 490, 485 kj/kg 
5.96 214.4, 209.1, 208.4 kj/kg 
5.102 36 kj/kg, 45 kj/kg 
5.105 261 kj, 444 kj 
5.108 941 kj 

5.111 2.32 kg, 3.48 kg, 736 K , 613 kPa 
5.114 -643 kj 

5.117 133 kPa, 66.7 kPa, 69 kj , 132 kj 

5.120 161 kj, 852 kj 

5.123 -7.89 kj, -7.89 kj 

5.126 73.7 kj/kg 

5.129 70.6 kj, -36.8 kj 

5.132 1491 kPa, 41.5 kj, 1025 kj 


5.135 27.25 kj 
5.138 0.25 K/s 
5.141 322 s 
5.144 5.92 kW, 267 N 
5.147 15 h 
5.150 0.0012 kg/s 
5.159 2611 kj 

5.162 122°C, 300 kPa, 0.87 m 3 , 11.5 kj, 
1356 kj 

5.165 -2069 kj 
5.168 212.8 kj 

5.171 0.59 kg, 0.97 kg, -265 kj, 

-485 kj 

5.174 1.285 x 10- 3 Btu 
5.177 Hydrogen 
5.180 62.3 ft 3 

5.183 a. x = 0.8912, 8.97 ft 3 /lbm, 
1069.5 Btu/lbm 

b. 471.8 F, undef., 0.0197 ft 3 /lbm 

c. x is undef., h = 24.11 Btu/lbm 
5.186 11.06 Btu/lbm 

5.189 -78 Btu 

5.192 125 psia, 1.21 Btu, 75.94 Btu 
5.195 0.4581, 666 Btu 
5.198 -19.34 Btu 
5.201 414 F 

5.204 0.1975, 0.218 Btu/lbm-R, real gas 

5.207 2206 Btu/lbm 

5.210 166 Btu 

5.213 -0.706 R/s 

5.216 207 sec 

5.219 -3300 Btu, -29953 Btu 
5.222 16.3 Btu, 34.6 Btu 

6.12 1 m/s, 0.0178 kg/s 
6.15 0.69 cm 2 , 50 cm 2 
6.18 10.9 m/s, 12.8 m/s 
6.21 382 m/s 
6.24 890 K 

6.27 9.9 m/s, 0.776 kg/s 
6.30 22.9°C, 216 kPa 
6.33 20°C, 3.464 
6.36 20°C, 5.3°C 
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6.39 131°C 

6.42 1.99 kj /kg, 3.99 kW 
6.45 -9.9 kW 
6.48 -49.7 kj /kg 
6.51 32 W 

6.54 —317 kj/kg, 307 kj/kg 

6.57 0.038 kg/s 

6.60 0.84 kW, 1.0 kW 

6.63 -319 kj/kg 

6.66 1624 m/s 

6.69 44.3 m/s, 20.23°C 

6.72 1.57 kg/s, 196 kW 

6.75 0.0079 kg/s 

6.78 0.0042 kg/s 

6.81 0.0715 kg/s 

6.84 367 K 

6.87 0.258 kg/s, 4.2 m 3 /s 
6.90 0.795 
6.93 120°C, 3 m 3 /s 
6.96 2.069 kg/s 
6.99 1357 K 

6.102 w P = -0.9 kj /kg, qheat = 3073 
kj/kg 

6.105 13.75 MW, 67 MW 

6.108 0.35 kW, 11.7 kW, 7.3 kW 

6.111 T 2 >20°C,No 

6.114 -900 kj 

6.117 520°C, 0.342 m 3 

6.120 8.9 kg, 25.5 MJ 

6.123 41 MJ 

6.126 27.24 kg 

6.129 2.66 m 3 /s, 4.33 m 

6.132 12.85 MJ 

6.135 126°C, -2.62 MW 

6.138 8405 kj, 225 MJ 

6.141 238 MJ, 203 MJ 

6.144 400 W/m 2 -K 

6.147 3 ft/s 

6.150 1.205 in. 

6.153 570 R, 17.72 psia 
6.156 1755% 

6.159 7.57 Ibm/h 


6.162 448.6 Btu/s 
6.165 55.3 ft/s, 0.305 Btu/s 
6.168 2.38 x 10 7 Btu/h 
6.171 0.771 Btu/s 
6.174 0.16 
6.177 1080 R 

6.180 33000 hp, —1.92 x 10 s Btu/h 

6.183 222 539 Ibm/h 

6.186 -249.9 Btu 

6.189 201 339 Btu 

6.192 7.15 Ibm, 225 Btu, -869 Btu 

7.15 43%, 20 kW 
7.18 2.91 
7.21 750 W 
7.24 1313 W, 750 W 
7.27 2.33 

7.30 1.53 g/s, 42.9 kW 
7.36 36 sec 

7.42 1st: Y, Y, Y; 2nd: Y, N, N 
7.45 45% 

7.48 15% 

7.51 100 MJ 
7.54 impossible 
7.57 300 J, 3.3 x 10 -8 
7.60 4.89 kg/s 
7.63 24%, 50.6% 

7.66 98 W 
7.69 62 kj, 9.85 kj 
7.72 73% 

7.75 6 kW, 0.31 kg/s 
7.78 5.1%, 3.8% 

7.81 (— 20°C, 16%), (+10°C, 48%) 

7.84 4.4°C 

7.87 38.8°C 

7.93 3.33, 49.7 kj/kg 

7.96 30.7%, yes 

7.99 10.9 kW 

7.102 335 kj , 48 kj 

7.105 153 kj 

7.111 15°C 

7.120 2.5 Btu, 1.5 
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7.123 0.26 Btu/s, 0.1 Btu/s 

7.126 48.5 Ibm/s 

7.129 0.587 

7.132 0.57 Btu/s 

7.135 505 680 Btu, 28%, 0 

7.138 42.2 Btu/s 

7.141 0.58 Btu 

7.144 3.33, 21.4 Btu/lbm 

7.147 3.88 kW = 1.3227 Btu/h 

8.18 a) n.a. b) OK c) W = 2.53 kW 
8.21 a) OK b) n.a. c) OK d) OK 
8.24 a) 65°C, x = 0.98 

b) 682°C, 7.122 kj/kg K 

c) 163.9 kPa 

8.27 4.05, 6.54, -1.237 kJ/kg-K 
8.30 0.43885,4.02 kJ/kg-K 

8.33 Au, As = (23.2, 0.776) (26, 1.1) 
(28.3, 1.85) 

8.36 61°C, —48.9 kj/kg 
8.39 neg., neg. 

8.42 16.94 kj, 225.7 kj 

8.45 50.5 kj, 225.9 kj 

8.48 30.3 kj, 0 

8.51 30°C, —31.6 kj/kg 

8.54 172°C, —132 kj/kg 

8.57 3214 kj, 8.7 kJ/K 

8.60 0.385 m 3 

8.63 -3.2 kj, -3.8 kj 

8.66 -38.3 kj/kg, -164.6 kj/kg 

8.69 334.6 kj /kg, 1 kj/kg K, same 

8.72 65°C, 0.023 kJ/K 

8.75 0.016 kJ/K 

8.78 81.95 MJ 

8.81 772 K, -267 kj/kg 
400 K, -264 kj/kg 

8.84 2.78, 2.725, 2.335 kj/kg K 
8.87 661 kj, 0.66 kJ/K 
8.90 2320 kPa, 0.01m 3 
8.93 718 K, -4417 kj/kg 

8.96 450 K, -112.5 kj/kg 
460 K, -110.7 kj/kg 

8.99 143 K, -624 kj/kg 


8.102 1000 kPa, -23 kj, -0.077 kJ/K 

8.105 0 

8.108 -312 kj 

8.111 509.5 kj/kg, 1270 kj/kg 

8.114 1.8 kj, -0.96 kj 

8.117 312°C, 0.225 kJ/K 

8.120 191.7 MJ, 654 kJ/K 

8.123 3.7, 3.95, 12.9 kJ/K 

8.126 3243 kj, 3.75 kJ/K 

8.129 372 kj, 0.51 kJ/K 

8.132 0.202 kJ/K 

8.135 97.8 kj, 1447 kj, 1.31 kJ/K 

8.138 -58 kj, -519 kj, 0.022 kJ/K 

8.141 133 kPa, 300 K, 0.034 kJ/K 

8.144 189 kj, 0.223 kJ/K 

8.147 200 kPa, 428 K, 0.0068 m 3 , 
0.173 J/K 

8.150 300 kPa, 400 K, 0.52 kJ/K 
8.153 0.365 kJ/K 

8.156 1.303,0.0218 m 3 , -21.3 kj, 

-5.1 kj, 0.0036 kJ/K 

8.159 0.1 kW/K, 0.1 kW/K 

8.162 0.68, 0.73, 0.75 W/K, 0.045 W/K 

8.165 0.555,0.309, 0.994 W/K 

8.168 4.73 W/K, 2.33 W/K 

8.171 26.3 kJ/K 

8.174 12.2 kJ/K 

8.177 442°C, 1.72 kJ/K 

8.180 3.33 kj, 30.43 kj, 9 kj 

8.183 0.516 m 3 , 514 kj, 5932 kj, 

5.98 kJ/K 

8.186 T=C 

8.189 a. x = 0.932, 1058.5 Btu/lbm 
b. 1020 F, 1.6083 Btu/lbm-R 

8.192 212 F, 0.26, 775 Btu/lbm, 

1.48 Btu/lbm-R 

8.195 0.262,0.904,7.995 
8.198 335 psi, 213 Btu 
8.201 -5.15 Btu, -6.37 Btu 
8.204 0.1277 Btu/R 
8.207 172 psia, 0.171ft 3 
8.210 23.9 in., 0.46 Btu 
8.213 422 R, -11.8 Btu 
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8.216 

716 Btu, 5842 Btu, 2.54 Btu/R 

9.117 

8.219 

235 F, 0.064 Btu/R 

9.120 

8.222 

630 R, 0.005 Btu/R 

9.123 

8.225 

720 R, 45 psia, 0.32 Btu/R 

9.126 

8.228 

0.053 Btu/s-R for both 

9.129 

8.231 

14.2 Btu/R 

9.132 

9.135 

9.15 

79.2 kj/kg, 59.7 kj/kg 

9.138 

9.18 

22.7°C, 1.92 kW 

9.141 

9.24 

358 kPa, 1.78 x 10- 4 m 2 

9.144 

9.27 

-2.74 kW (i.e. out) 

9.147 

9.30 

706 K, 558 kj/kg, 662 K, 

540 kj/kg 

9.150 

9.153 

9.33 

69.3 kW, 69.3 kW 

9.36 

1397 kj/kg, -250 kW 

9.156 

9.39 

isentropic, 357 K, 359 m/s 

9.159 

9.42 

27 MW 

9.162 

9.45 

245 kPa, 138°C 

9.165 

9.48 

356 K , 3.912 kg 

9.168 

9.51 

6.898 kJ/kg-K 

9.54 

13.3 kg/s 

9.171 

9.57 

4 kW 

9.174 

9.60 

6.08 M Pa, 25.3°C 

9.177 

9.63 

0.2 m 

9.180 

9.66 

42.4 m/s 

9.183 

9.69 

100.17 kPa, 290.3 K 

9.186 

9.72 

1612 kPa, 1977 K, 200 MPa, 

9.189 


1977 K 

9.75 

18.44 MPa, -849 kj/kg, 

-104 kj/kg 

9.192 

9.78 

No 

9.195 

9.81 

0.017 kJ/kg-K 

9.198 

9.84 

764 kW, 0.624 kW/K 

9.201 

9.87 

47.3 kg/min, 8.9 kJ/min-K 

9.204 

9.90 

0,187.1 kj/kg, 0.163 kJ/kg-K 

9.207 

9.93 

327 K , 0.036 kW/K 

9.210 

9.96 

No 

9.213 

9.99 

120. 2°C, 1.54 kW/K 


9.102 

443 K, 0.023 kW/K 

9.216 

9.105 

0.95 kg/s, 4.05 kg/s, 0.85 kW/K 

9.219 

9.108 

0.32 kJ/K 

9.222 

9.111 

2.323 kg, 0.0022 kJ/K 

9.225 

9.114 

6.96 MPa, 15.26 kJ/K 

9.228 


0.466 kJ/K 
495°C, 0 
533 m/s 
50 kW 
69.53 kj/kg 
85%, 0.149 kJ/kg-K 
587 kPa 
411 kPa, 758 K 
269 kPa, 143. 5°C 
461 kPa, 7.98 kW 
17.3 m/s, 0.8 kg/s 
129 kPa, 313 K 
281°C, 0.724 kW/K 
Yes 

141.5 kj/kg in, 431 K, 532 m/s 
108 kW, 103 kW 

2.675 kg, 450 kj, 1276 kj, 

106 kPa 

0.989, 136. 5°C 

12.02 kg, 362 K 4140 kPa, 
—539 kj, 4.4 kJ/K 

1.46 Btu/s 

2129 ft/s 

-0.14 Btu/s 

386 Btu/lbm, 56.6 psia 

0.273 Ibm, 0.351 Btu/R 

31.6 Ibm/s 

15.5 Btu/s, 116 F, 0.27 Btu/s, 
10.9 F 

3 hp = 2.1 Btu/s 
292.7 Btu/s = 414 hp 
Yes 

0.0245 Btu/lbm-R 

100 Ibm/min, 4.37 Btu/R-min 

673 R, 508 Btu/s, 0, 1000 R, 0, 

0.616 Btu/S-R 

1.668 Ibm/s, 8.332 Ibm/s, 

0.331 Btu/s-R 

484 F, 100% 

1599 ft/s 

2.5 Btu/s = 3.5 hp 
-79.2 Btu/lbm, 136 F 
1.0 x 10 6 Btu 
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10.18 

-0.2 kW 

10.141 

in: 0, 15 000 Btu/h, ex: 4830 Btu/h 

10.21 

-48.2 kj/kg 

10.144 

1.14 Btu/lbm 

10.24 

-38.9 kj /kg 

10.147 

500 W, 250 W, 0 W 

10.27 

1484 kj/kg, 1637 kj/kg 

10.150 

456 Btu/h 

10.30 

621 K, -113 kj/kg 

10.153 

0.32 

10.33 

8.56 kg, 1592 kj 

10.156 

0.853, 0.879 

10.36 

1500 W 

10.159 

20.82 Btu/lbm, 0.949 

10.39 

20.45 kj/kg, 20.45 kj/kg 

10.162 

261.7 Btu, 122.9 Btu, 152.3 Btu 

10.42 

190 kj, 236 kj 

10.165 

2102 ft/s, 0.95 

10.45 

10.48 

10.51 

93.3 kj/kg 

46.3°C, 19.8 kj/kg 

5.02 kg, 747 kj 

11.15 

11.18 

0.133 

3.03,3178.4, 1058.8, 2123 all 
kj/kg, 0.332 

10.54 

0.702 kW, 0, 0.6 kW 

11.21 

0.102 

10.57 

-216 kj/kg 

11.24 

15.2 kW 

10.60 

2.46 kj/kg 

11.27 

41.7 M W, 387 kW, 141 850 kg/s, 

10.63 

877,340,501, 37 all kW 


147 290 kg/s, 0.033 

10.66 

1788,219, 1.5, 21.6 all kj/kg 

11.30 

3.02,3036, 1038, 2001 all kj/kg, 

10.69 

1.47 kW 


0.341 

10.72 

64.6 kj, 1286 kj 

11.33 

529°C, 6.49 MW, 16.48 MW 

10.75 

300.6 K, -44 kj 

11.36 

0.362,0.923 

10.78 

1500 W 

11.39 

0.0434 

10.81 

0.55 kW 

11.42 

0.1046, 34 kW 

10.84 

62 W 

11.45 

0.1661, 1 kj/kg, 4.5 kj/kg 

10.87 

Destr.: 43.3 kW (inside), 14.1 kW 

11.48 

3 kg/s, 1836 kg/s 


(wall), 20.8 kW (radiator) 

11.51 

0.1913, 5.04 kj/kg, 4.5 kj/kg 

10.90 

0.31 

11.54 

0.191,4903 kW 

10.93 

0.659, 0.663 

11.57 

0.271, 0.256 

10.96 

0.835, 0.884 

11.60 

3.8,2609,719, 1893 all kj/kg. 

10.99 

0.315,0.672 


0.274 

10.102 

0.9 

11.63 

659 kj/kg, 13.7 kg/s, 0.227 

10.105 

0.51 

11.66 

3.02 kJ/kg-K 

10.108 

0.61 

11.69 

40.3°C, 29.2 MW, 11.6 MW 

10.111 

263 kj, 112 kj, 164.6 kj 

11.72 

9102 kW 

10.114 

4.67 m/s 

11.75 

136.7 kj/kg, 170.1 kj/kg, 4.09 

10.117 

303 kj 

11.78 

45.9°C, 22°C, 6.2 

10.120 

0.86 

11.81 

4386 kW 

10.123 

14.9 W, 32.8 W, 50 W 

11.84 

5.06,5.43 

10.126 

-1000, -1000, -537 Btu 

11.87 

58.2 kj/kg, 3.17 

10.129 

-5.4 Btu/lbm, -19.3 Btu/lbm 

11.90 

11.3 kW, 0.0094 kW/K 

10.132 

542 R, 16895 Btu 

11.93 

2.24, 223 W 

10.136 

157 Btu, 213 Btu 

11.96 

1.83, 1.44 

10.138 

580 R, 8.7 Btu/lbm 

11.99 

It is the same 
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11.102 

0.9 

11.105 

1865,0 kj/kg, 0.5657 

11.108 

in: 1326 kW, 209 kW, 
out: 1516 kW 

11.111 

835 kj/kg, -55 kj/kg, 0.91 

11.114 

0.85 

11.117 

55.81, 0.774 

11.120 

11.39, 0.529 

11.123 

about 105/115 K, 0 = 0.219 

11.126 

Overall cycle OK, turbine 
impossible 

11.129 

21.6 kg/s, 44.8 MW, 0.307 

11.132 

0.438, 0.473, 0.488 

11.135 

0.278 

11.138 

0.102 

11.141 

1.8, 1253, 424 and 829 Btu/lbm, 
0.337 

11.145 

0.345,0.91 

11.147 

13.2 Ibm/s 

11.150 

0.275, 2.25, 306, 1104, 

800 Btu/lbm 

11.153 

86 psia, 33.3 psia 

11.156 

2.97 

11.159 

760 Btu/lbm in, 0 out, 0.563 

11.161 

in: 5.16, 75.1, ex: 68.6 all Btu/lbm 

11.165 

61.3 Btu/lbm, 0.829 

11.168 

0.357, 421 Btu/lbm 

12.15 

975 kj/kg, 525 kj/kg 

12.18 

3.04 MW, 7.32 MW, 0.484 

12.21 

1597 K, 26.7 kg/s 

12.24 

11.75,325 kj/kg, 0.484 

12.27 

0.565 

12.30 

130 kj/kg, 318 kj/kg 

12.33 

166 MW, 0.4, 0.582 

12.36 

214 MW, 0.533, 0.386 

12.39 

360 kPa, 0.352 kg/s, 975 K, 0.678 

12.42 

1012 m/s 

12.45 

340.7 kPa 

12.48 

1157 K, 504 kPa, 750 K, 904 m/s 

12.51 

824 K , 602 m/s 

12.54 

2.71, 219 K 

12.57 

0.57 


12.60 0.6, 21.6 kW 
12.63 2502 K , 6338 kPa 
12.66 2677 K, 1458 kj/kg, 1165 K 
12.69 7.67, -262 kj/kg, 4883 kPa 
12.72 7946 kPa, 1304 kj/kg, 1055 kPa 
12.75 9.93, 819 kPa 
12.78 274 kPa, 531 kj/kg, 0.536 
12.81 0.487, 1133 kPa 
12.84 19.32, 0.619 
12.87 121 kW, 162 hp 
12.90 20.2,0.553 
12.93 20.9, 895 kPa 
12.96 -1154,2773,4466,-2773 
all kj/kg, 0.458 

12.99 900 K , 430 kj/kg, 15.6 
12.102 19.4 

12.105 3127 K, 6958 kPa, 0.654, 

428 kPa 
12.108 13.5 
12.111 0.79 kg/s, 51 kW 
12.114 58.3 kg/s, 6.259 kg/s, 0.634 
12.117 1 

12.126 514 K, 565 K, 0.93, 0.405 
12.129 1540.5 K, 548 kj/kg 
12.132 165 600 hp, 0.4,0.53 
12.135 2600 R, 67.2 Ibm/s 
12.138 0.604 
12.141 2.71, 394.5 R 
12.144 1033 psia, 5789 R, 0.54, 188 psi 
12.147 3836 R, 1527 R, 0.60 
12.150 887 psi, 4972 R, 0.58 
12.153 12.24, 0.584, 140 psi 
12.156 0.458 
12.159 20.13,0.65 
12.162 396.8 Btu/lbm 
12.165 <j> H = 17895 Btu/s, (in, out) = 
(4.2, 4205) Btu/S, 0.78 
12.168 206 Btu/lbm, 529 Btu/lbm, 0.61 

13.15 0.543, 0.209, 0.248, 0.322 
kJ/kg-K, 5.065 m 3 
13.18 0.18 m 3 /s, 0.68 m 3 /s 
13.21 0.251 kJ/kg-K, 1.0 m 3 
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13.24 

332 K, 141.4 kPa 

13.135 

3.15 psia, 540 R, 57.5 ft 3 /lbm 

13.27 

1.675 m 3 , 373 kj 

13.138 

72.586,21.285 ft-lbf/lbm R, 

13.30 

335 K, 306 kPa 


1.1667 

13.33 

1096 kW 

13.141 

1938 R, 20 psia 

13.36 

1247 kW 

13.144 

989 Btu/s 

13.39 

353 K, 134 kj/kg 

13.147 

38 psia, 565 R 

13.42 

-0.149 m 3 /kg, 88.7 kj/kg, 

13.150 

630 R, 20 psia, yes, 0.0026 Btu/R 


0.154 kJ/kg-K 

13.153 

0.15 Btu/s- R 

13.45 

573 K , 90 kW 

13.156 

1184 Btu/s 

13.48 

540 K, -0.22 kj 

13.159 

0.00162, 0.066, oo 

13.51 

0.29 kJ/K 

13.162 

78 F, -1.5 Btu 

13.54 

305 K, 0.179 kJ/kg-K 

13.165 

1.24 Btu/s = 1.2 kW, -0.78 Btu/s 

13.57 

13.60 

13.63 

Yes 

616 K, -0.339 kW/K 

698 kPa, 3748 kj, 5.3 kJ/K 

13.168 

13.171 

0.124 Ibm/min, 0.04 Ibm/min, 

96 F, 9% 

0.864 Btu/s-R 

13.66 

39%, 15.2 kW 

14.21 

151 kW out 

13.69 

0.513 kg, 0.0043, 1.4°C 

14.24 

11 kPa, 2.2 m 3 

13.72 

0.0061 kg/s 

14.27 

2.2 x 10- 3 Pa 

13.75 

28°C, —2.77 kj 

14.30 

40.5 M Pa 

13.78 

0.0679 kg, 85 kPa, -741 kj 

14.36 

0 

13.81 

0.0189, 0.0108, 46 kj/kg air 

14.48 

2.44 kj 

13.84 

27. 5°C, 0.00245 kg/s, -10.6 kW, 

14.51 

1166 m/s 


58% 

14.54 

1415 m/s, 506 m/s 

13.87 

94% 

14.57 

1100 m/s, -66.7 J /kg 

13.90 

0.015,36.2 kg/s, 36.5°C 

14.60 

0.27 

13.93 

0.007 kg/kg-air, 37 kj/kg-air, 

14.63 

u-u* = -6.4 kj/kg 


16.5°C 

14.66 

0.022 vs 0.0148 kJ/kg-K 

13.96 

21.4-C 

14.72 

2.45 

13.99 

17. 3°C, 0.0044, -39 kj/kg-air 

14.75 

3.375 T c , 2.9 T c 

13.102 

4.07, 0.206, 49.3°C, 15% 

14.78 

0.125(1 - 27 T C /8T) RTc/Pc, 

13.105 

(16.8, 12, 10.9, 6.5)°C 


-0.297 RT C /P C 

13.108 

3.77, 6.43 kj/kg-air out 

14.81 

208 K, 0.987 kJ/kg-K 

13.111 

17%, 16 kj/kg-air, 100%, 

14.84 

173 kg 


-15 kj/kg-air 

14.87 

0.606 RT C 

13.114 

0.06 kg/min, 0.0162 kg/min, 

14.90 

1.06 M Pa, 0.0024 kg, 0.753 kj 


32.5°C, 12% 

14.93 

-174 kj 

13.117 

55 kW, 38 kW 

14.96 

-62 kj/kg, -379 kj/kg 

13.120 

-880, 476 kj/kg 

14.99 

3391 kj 

13.123 

1089 K, 1164 K 

14.102 

66.8 kj/kg, 11 kj/kg 

13.126 

361 K, -2.4 kj 

14.105 

296.5 kj/kg 

13.129 

0.386 kJ/K 

14.108 

8.58 

13.132 

141 kPa 

14.111 

0.044 m 3 , 0.0407 m 3 
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14.114 

0.87,28.51 kj/kg 

15.84 

1.43 

14.117 

286 kj/kg 

15.87 

2461 K, -393 522 kj/kmol 

14.120 

-8309 kW 

15.90 

—24 746 kj/kg, 4487 K 

14.129 

55 kj 

15.93 

5.76, 1414 kJ/K 

14.132 

935 kj/kg, 368 K, 418 kj/kg 

15.96 

511 016 kj 

14.135 

32.3 kg/s, -3158 kW, 28.5 kW/K 

15.99 

Impossible 

14.138 

62.6 kW 

15.102 

175%, 990 MJ/kmol 

14.141 

254 K, 470 MJ, 259 K, 452 MJ 

15.105 

2039 K 

14.148 

5451 psia 

15.108 

2.594, 380 kPa, 676 MJ 

14.151 

6.9 Btu 

15.111 

427 995 kJ/4 kmol e~, 1.109 V 

14.153 

1690 ft/s 

15.114 

817 903 kj, 1.06 V 

14.156 

124 Btu/lbmol 

15.117 

1053 cm 2 

14.159 

817 R, 99 Btu 

15.120 

2.324 H 2 0 + 1C0 2 + 11.28 N 2 

14.162 

-26.7 Btu/lbm, -165 Btu/lbm 


+1 0 2 , 53.8°C 

14.165 

14.168 

-78.4 Btu/lbm, -202 Btu/lbm 

114 Btu/lbm 

15.123 

13 101 kj/kg, 13 101 kj/kg, 

1216 K 

14.171 

1.35 ft 3 , 1.24 ft 3 

15.126 

15.129 

2760 kj/kg, 2799 kj/kg 
-4.081 kW, 0.139 

15.21 

11 H 2 0 + 10 C0 2 + 87.42 N 2 + 

15.132 

9.444 kg/kg 


7.75 0 2 

15.135 

2854 K 

15.24 

101.2,3.044 kg/kg 

15.138 

20 986 kj/kg 

15.27 

0.8, 125% 

15.141 

238% theo. air 

15.30 

0.3 CH4 + 29.6 H 2 + 41 CO + 

15.144 

1139 K, 8710 kW 


10 C0 2 + 0.8 N 2 + 0.2 H 2 0, 

2.95 kg/kg 

15.147 

666 K, 2011 kPa, 2907 K, 

8772 kPa, 512.6 kj/k, 152 860 kj 

15.33 

0.718 kmol air/kmol gas 

15.150 

0,107 124,-169 184 all 

15.36 

-1214 MJ/kmol fuel 


Btu/lbmol 

15.39 

-256 MJ/kmol fuel 

15.153 

-369 746 Btu/lbmol, -337 570 

15.42 

-915 MJ/kmol fuel, 


Btu/lbmol 


-778 MJ/kmol fuel 

15.156 

126 psia, 194 945 Btu 

15.45 

838 kPa, -453 MJ 

15.159 

21 280 Btu/lbm 

15.48 

0.1475,9.575 

15.162 

1.81 C0 2 + 2.81 H 2 0 + 10.69 N 2 

15.51 

-158 065 kj/kmol, -96 232 kj/kmol 


13 302 Btu/lbm 

15.54 

-172 998 kj/kmol, 0.74 

15.165 

3317 R 

15.57 

16 666 kj/m 3 

15.168 

1.44 

15.60 

-3842 MJ/kmol fuel 

15.171 

5.07, 308 Btu/R 

15.63 

-1 196 121 and -1 310 223 kj/kmol 

15.174 

34.9 Btu/s, -67.5 Btu/s 

15.66 

30 941 kj/kg fuel mixture 

15.177 

1.23 Ibm/lbm, 1.49 Ibm/lbm 

15.69 

+ 740 519 kj/kmol, 12 kg/kg 

15.180 

5133 R 

15.72 

72.6°C, 2525 K 

16.18 

34.4 MPa 

15.75 

1843 K 

16.21 

29.68 MPa 

15.78 

2048 K 

16.24 

exp( — 12.8407) 

15.81 

2529 K , 21% 

16.27 

linear in 1/T 
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16.30 

2980 K 

16.120 

16.33 

49.7% H 2 + 50.3% H 

16.123 

16.36 

exp(5. 116) 

16.126 

16.39 

1444 K 


16.42 

1108 kPa, 93.7% 0 2 , 6.3% 0, 

97.7 MJ/kmol 

16.129 

17.15 

16.45 

exp( 154.665) 

17.18 

16.48 

21.8% N 2 , 9.1% H 2 , 69.1% NH 3 

16.51 

exp( — 8.293) 

17.21 

17.24 

16.54 

3617 K 

17.27 

16.57 

1.4% C 2 H 5 OH, 32.4% C 2 H 4 , 


66.2% H 2 0 

17.30 

16.60 

0.00655, -836 Mj 

17.36 

16.63 

8.7% C0 2 , 10.3% C0 2 , 37.9% 

17.39 


H 2 0, 43.1% 0 2 

17.42 

16.69 

0.0024, Yes 

17.45 

16.72 

66.1% H 2 0, 12.9% H 2 , 5.4% 0 2 , 

17.48 


9.9% OH, 5.7% H 

17.51 

16.75 

6.2% C0 2 , 7.8% H 2 0, 75.9% N 2 , 

10.1% 0 2 , 0.06% NO, 

17.54 

1 “7 C “7 


0.001% no 2 

11. Dl 

16.78 

ex p(— 3.7411) = 0.0237 

17.60 

16.81 

exp(— 2.1665) vs exp(-2.4716) 

17.63 

16.84 

5.8% CH 3 OH, 50% CO, 

17.66 


44.2% H 2 , no 

17.69 

16.87 

0.0097 

17.72 

16.93 

2.7% 

17.75 

16.96 

N0 2 , 703 K 

17.78 

16.99 

10-12 000 K 

17.81 

16.102 

11.1% C0 2 , 1.5% CO, 70.7% N 2 , 

17.84 


14% H 2 0, 2.7% H 2 

17.87 

16.105 

0.4 

17.90 

16.108 

1.96 


16.111 

In K = —185.85, + 5.127 

17.93 

16.114 

86% 0 2 , 14% 0, 1948 Btu/lbm 

17.96 

16.117 

163 psia, 94% 0 2 , 6% 0, 

17.99 


42 000 Btu/lbmol 

17.102 


75 360 Btu 

0.859 NH 3 , 0.035 N 2 , 0.106 H 2 
0.487 H 2 0, 0.057 H 2 , 0.076 0 2 , 
0.086 OH, 0.155 C0 2 0.139 CO 
In K = -2.1665, -2.4716 

556 kPa, 365°C 

108 kPa, 823 K 

142. 2°C, 281 kPa, 5.9 kg/s 

-205 N, -193 N 

61920 N 

31.7 m/s 

1716 m 

11350 kPa, 27.7°C, no 
906 kPa 

896 kPa, 8.251 kg/s 
25% 

0.0342 kg/s, 0.0149 kg/s 
94 kPa, 8.252 kg/s 
1.895 kg, 0.0082 kg/s 
1.178 kg, 0.01224 kg/s 
2.41 

0.0206 kJ/kg-K 

214.6 m/s 

279.3 K, 0.608 

52.83 kPa, 0.157 kg/s 

6.115 x 10~ 4 m 2 , 0.167 kJ/kg-K 

0.1454 kg/s, 0.1433 kg/s 

1.756 

8649 ft/s 

(1087,1149),(846, 894.5), 

(1010, 1068) all ft/s 
13.406 psia, 45.66 Ibm/s 
0.0144 ft 2 , 0.0232 ft 2 
1.479 ft 2 

7.824 psia, 542 R, 0.415 
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Absolute entropy, 642 

A bsolute temperature scale, 32, 66, 255 

Absorption refrigeration cycle, 457 

A centric factor, 585, 827 

Adiabatic compressibility, 578 

Adiabatic flame temperature, 640 

Adiabatic process, definition, 106 

Adiabatic saturation process, 538 

Aftercooler, 8, 213, 456 

Air, ideal gas properties, 147, 760, 762, 841 

Air-conditioner, 6, 216, 261, 544 

Air fuel ratio, 620 

A ir preheater, 663 

A ir-standard power cycles, 476 

Air-standard refrigeration cycle, 492 

A ir-water mixtures, 530 

Alcohols, 618, 637 

Allotropic transformation, 54 

A Iternative refrigerant, 452 

Ammonia, properties, 794, 859 

Ammonia-absorption cycle, 457 

Appendix contents, 753 

Atkinson cycle, 503 

Atmosphere, standard, definition, 25 

Availability, 393 

Available energy, 382 

Avogadros's number, endpapers 

Back pressure, 725 
Back work, 479 
Bar, definition, 25 
B aro meter, 27 
Batteries, 159 

Benedict-Webb-Rubin equation of state, 584, 828 

Bernoulli equation, 348, 717 

Binary cycle, 505 

Binary mixtures, 592 

Black body, 108 

B oiler, steam, 1, 4, 227, 283 

Bottoming cycle, 506 

B oyle temperature, 582 

Brayton cycle, 477 

British thermal unit, definition, 106, 128, 

755 

Bulk modulus, 578 
Calorie, 106, 755 

Carbon dioxide, properties, 760, 765, 800 
Carbon monoxide, properties, 760, 768 
Carnot cycle, 251, 288 
Cascade refrigeration, 457 
Celsius Scale, 32 
C haos, 311 

Chemical equilibrium, 679 
Chemical potential, 592 
Cheng cycle, 562, 671 


Choked flow, 726 

Clapeyron equation, 566 

Clausius, inequality of, 279 

Clausius statement, 245 

Coal, 625, 658, 666 

Coal gasifier, 658, 693 

Coefficient of performance, 243, 450 

Cogeneration, 447 

Cold air properties, 477 

Combined cycle, 505, 507 

Combustion, 619 

Combustion efficiency, 652 

Comfort zone, 543 

Compressed liquid, 51, 56 

Compressibility chart, 69, 581, 829 

Compressibility factor, 69, 580, 828 

Compressible flow 709 

Compression ratio, 495, 497 

Compressor, 196, 340, 344, 356 

Concentration, 523 

Condenser, 189, 228, 424 

Conduction, 107 

Conservation of mass, 156, 180 

Constant- pressure specific heat, 146, 760, 825, 840 

Constant-volume specific heat, 146, 760, 840 

Continuity equation, 181 

Continuum, 15 

Control mass, definition, 13 

Conversion factors, 755 

Control volume, definition, 13 

Convection, 107 

Cooling tower, 1, 546, 554 

Crank angle, 495 

Critical constants, 758, 838 

Critical point, 50 

Cryogenic fluids, vi, 22, 73 

Cycle, definition, 17 


Dalton's model, 526 
Dehumidifier, 545, 555, 559 
Density: 

critical, 724, 758, 838 
definition, 22 

of solids and liquids, 23, 759, 839 
Rackett equation, 89 
Desalination, 374, 411 
Desuperheater, 342 
Dew point, 531, 623 
Diatomic molecule, 21, 825 
Diesel cycle, 500 
Diffus er, 192, 211, 217 
Diffuser efficiency, 736 
Discharge coefficient, 735 
Displacement, 104, 495 
Dissociation, 685, 694 
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Distillation column, 617 
Drip pump, 440 
Dry-bulb temperature, 541 
Drying, 536 , 553 , 558 , 559 
Dual cycle, 457, 470 

Economizer, 217 , 227 
Efficiency: 
combustion, 652 
compressor, 356 
cycle, 241 
diffuser, 736 
nozzle, 358 , 735 
pump, 356 , 360 
regenerator, 485 
Second- 1 aw, 396 , 398 , 406 
steam generator, 652 
thermal, 241 
turbine, 353, 396 
Electrical work, 103 
Electromotive force, 649 
Emissivity, 108 
Energy: 
available, 382 
chemical, 593 
electronic, 21 
internal, 20, 130 
kinetic, 20, 130 
potential, 20, 130 
storage, 157 
total 130 

English engineering system of units, 19 
Enthalpy: 

of combustion, 635 , 637 
definition, 141 
of evaporation, 143 
of formation, 628 
of ideal gas, 147 , 764 , 842 
stagnation, 185 , 709 
total, 185 , 709 

Enthalpy chart, generalized, 585 
E ntropy: 
absolute, 642 
definition, 284 
general comment, 311 
generation, 303 
of ideal gas, 294 , 764 , 842 
of mixing, 528 
net change of, 306 
principle of increase, 305, 349 
of solids and liquids, 293 
Entropy chart, generalized, 588 
Equation of state: 
Benedict-Webb-Rubin, 584 
cubic, 72, 583 
ideal gas, 66 


Lee-Kesler, 584 , 828 
Peng-Robinson, 827 
real gas, 580 

Redlich-Kwong, 584 , 827 
Soave, 827 

van der Waals, 583, 827 
virial, 582 
Equilibrium: 
chemical, 679 , 682 
definition, 16 , 672 
mechanical, 16 , 673 
metastable, 678 
phase, 674 
requirements for, 674 
thermodynamic, 16 
Equilibrium constant: 
definition, 682 
table of, 773 
Equivalence ratio, 620 
Ericsson cycle, 487 
Evaporative cooling, 544 , 546 
Evaporator, 201 , 216 , 456 
Excess air, 621 
Exergy, 394 , 402 
Exergy destruction, 403 
Expansion engine, 8 , 492 
Extensive property, 16 
Extraction, 437 

Fahrenheit temperature scale, 32 
Fanno line, 730 
Feedwater heater, 436 , 441 
closed, 440 
open, 437 

First law of thermodynamics: 
for a control volume, 183, 185 
fora cycle, 128 
for a control mass, 129 
Flame temperature, 640 
Flash evaporator, 201 , 216 , 471 
Flow devices, 217 
Flywheel, 158 
Fourier's law, 107 
Freon, - 12 , - 22 , 452 
Friction, 248 
Fuel air ratio, 620 
Fuel -cel 1 , 2,648 
Fuels, 615 , 637 
Fusion line, 53 

Gas, ideal, 66 

Gas constant, definition, 66 , 527 
Gas constants, tables of 760 , 840 
Gasification process, 658 , 659 , 693 
Gasoline, 617 , 637 
Gasoline engine, 497 
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Gas thermometer, 255 
Gas turbine cycle, 10 , 477 
Gauge pressure, 26 
Generalized charts: 
compressibility, 69 , 584 , 828 
enthalpy, 585 
entropy, 588 
low-pressure 581 
Geothermal energy, 229 
Gibbs function: 
definition, 570 
partial molal, 593 
Gibbs relations, 292 

Heat: 

Capacity, see Specific heat 
definition, 106 
of reaction, 636 
Heat engine, 239 , 252 
H eat exchanger, 2, 113 , 188 , 213 
Heating value, 636 , 653 
H eat pump, 239 , 243 
H eat transfer: 
conduction, 107 
convection, 107 
radiation, 108 
Heat transfer coefficient, 
convection, 107 
H eat transfer rate, 107 
Helmholtz function, 570, 600 
H istorical events, 265 
Horsepower, definition, 92 , 756 
Humidifier, 554 , 558 
Humidity, 531 
Hybrid engines, 504 
Hydraulic line, 29 
Hydrides, 703 
Hydrocarbons, 616 , 637 
Hydrogen fuel cell, 618 
Hypothetical ideal gas, 589 

Ice point, 32 , 256 
Ideal gas: 
definition, 66 
enthalpy, 147 
entropy, 284 
internal energy, 147 
mixtures of, 523 
properties, 147 , 760 , 840 
temperature scale, 255 
Incompressible liquid, 147 
I ncrease of entropy, 305, 349 
Inequality of Clausius, 279 
Intensive property, 16 
Inter-cooling, 364 , 487 
Internal combustion engine, 496 , 652 


I nternal energy, 130 
of combustion, 636 
International temperature scale, 32 
Ionization, 694 
Irreversibility, 384 
Isentropic efficiency, 353, 360 
Isentropic process, definition, 288 
Isobaric process, definition, 17 
Isochoric process, definition, 17 
Isolated system, 13 
Isothermal compressibility, 578 
Isothermal process, definition, 17 

Jet ejector, 375, 471 
J et engine, 10 , 220 , 490 
Jet propulsion cycle, 489 
Joule, definition, 92 

Kalina cycle, 506 
Kays rule, 596 

Kelvin-Planck statement, 244 
Kelvin temperature scale, 32 , 255 
Kinetic energy, 130 

Latent heat, see Enthalpy of evaporation 
Lee-Kesler equation, 584 , 828 
L inde-H ampson process, 456 
Liquid oxygen plant, 8 
Liquids, properties, 759 , 839 
LNG, 75 

L ost work, 304 , 385 

M ach number, 721 
M acroscopic point of view, 15 
M an o meter, 26 
M ass, 18 

M ass conservation, 156, 180 
M ass flow rate, 182 
M ass fraction, 523 
M axwell relations, 571 
M ean effective pressure, 477 , 495 
M ercury density, 43 
M etastable equilibrium, 678 
M ethanation reaction, 693 
M ethane properties, 820 
M etric system, 18 
M icroscopic point of view, 14 
M iller cycle, 505 
M ixtures, 523 , 596 
M oisture separator, 228 
Mole, 18 

M olecular mass, table of, 758,838 
Mole fraction, 523 
M oilier diagram, 285 
M omentum equation, 711 
M onatomic gas, 21 , 825 
M ultistage compression, 456 , 487 
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Natural gas, 618 
Newton, definition, 17 
Newton's law of cooling, 107 
Newton's second law, 17 
N itrogen, properties, 816 
Nonideal mixtures, 594 
Nitrogen oxides, 696 
Normal shock, 729 
table of functions, 745 
N ozzle efficiency, 358 , 735 
N ozzle flow, 190 , 338 , 348 , 721 
table of functions, 744 
Nuclear reactor, 2, 4, 228 

Open feedwater heater, 437 
Orifice 43, 737 
Otto cycle, 497 
Oxygen, P-h diagram, 835 

Partial molal properties, 592 

Partial pressure, 526 

Pascal, definition, 25 

Perpetual motion machine, 246 , 262 

Phase, definition, 15 

Physical constants, endpapers 

Pinch point, 461 

Pi tot tube, 739 

Plasma, 694 

Polytropic exponent, 95 , 298 
Polytropic process, 95 , 298, 348 
Potential energy, 130 
Power plant, 2, 198 , 228 , 252 , 421 
Prefixes, endpapers 
Pressure: 
cooker, 81 

critical, 50 , 724 , 758 , 838 
definition, 25 
gauge, 26 

mean effective, 477, 495 
partial, 526, 592 
reduced, 70 
relative, 763 
saturation, 48 
Wagners correlation, 89 
Process: 
definition, 16 
polytropic, 95 , 298 
quasi-equilibrium, 17 
reversible, 247 
Properties, computerized, 73 
Properties, independent, 55 
Property relation, 291 , 570 
Property, thermodynamic, definition, 16 
Pseudocritical properties, 596 
Pseudopure substance, 594 
Psychrometric, chart, 542, 836 


Pump: 

efficiency of, 356, 360 
operation of, 196 , 214 
reversible, 347 
work, 347 

Quality, definition, 49, 51 
Quasi-equilibrium process, 17 

Rackett equation, 89 
Radiation, 108 
Rankine cycle, 424 
Rankine temperature scale, 32 
Ratio of specific heats, 298 , 530 
Rayleigh line, 730 
Reactions, seechemical equilibrium 
Redlich-Kwong equation of state, 584, 827 
mixture, 596 
Reduced properties, 70 
Refrigerants: 

C02 tables, 800 
R -410a tables , 804,865 
R- 134a tables , 810,871 
Refrigeration cycles, 200 , 449, 492 
Regenerative cycle, 435, 484 
Regenerator, 456, 484 
Reheat cycle, 432 
Relative humidity, 531 
Relative pressure, 763 
Relative volume, 763 
Residual volume, 581 
Reversible process, definition, 247 
Reversible work, 303 , 345 , 384 , 644 
Rocket engine, 11 
Rotational energy, 21, 825 

Saturated liquid, 48 
Saturated fuel, 616 
Saturated vapor, 49 
Saturation pressure, 48 , 566 , 599 
Saturation temperature, 48 , 566 
Second law efficiency, 396 , 398, 399 
Second law of thermodynamics: 
for control mass, 284 , 304 
for control volume, 334 
for cycle, 244, 279 
Shaft work, 345 

Simple compressible substance, 48 
Simultaneous reactions, 689 
SI system of units, 18 
Solids, properties, 759, 839 
Sonic velocity, 578 , 718 
Specific heat: 
constant-pressure, 146 
constant-volume, 146 
equations, 761 

of ideal gases, 148 , 529 , 760 , 840 
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Specific heat: (Contri.) 
of solids and liquids, 147, 759, 839 
temperature dependency, 149, 761, 825 
thermodynamic relations, 291, 572 
Specific humidity, 531 
Specific volume, 22 
Speed of sound, 578, 720 
Stagnation enthalpy, 185, 709 
Stagnation pressure, 367, 710 
Stagnation properties, 710 
State of substance, 16 
Steady-state process, 186, 345 
Steam drum, 2, 228 
Steam generator, 2, 4, 217, 448 
efficiency of, 652 

Steam power plant, 2, 199, 227, 347, 421 

Steam tables, 776, 848 

Steam turbine, 2, 4 , 336 

Stirling cycle, 503 

Stoichiometeric coefficients, 620 

Stoichiometeric mixture, 620 

Stretched wire, 102 

Subcooled liquid, 49 

Sublimation, 52, 567 

Supercharger, 217, 357, 375 

Supercritical Rankine cycle, 461 

Superheated vapor, 49 

Superheater, 217, 223, 428 

Supersaturation, 678 

Surface tension, 103 

Syngas, 693 

System definition, 14 

Tank charging, 204, 344 
Temperature: 
critical, 50, 758, 838 
equality, 31 
reduced, 70 
saturation, 48 

thermodynamic scale, 32, 241, 255 
Theoretical air, 620 
Thermal efficiency, 255 
Thermistor, 36 
Thermocouple, 36 
Thermodynamics, definition, 13 
Thermodynamic probability, 312 
Thermodynamic property relation, 291, 571 
Thermodynamic surface, 63 
Thermodynamic tables, 55 
development of, 599 
Thermodynamic temperature scale, 254 
Thermoelectric devices, 7 
Third law of thermodynamics, 642 
Throttling process, 34, 192 
Thrust, 715 


Topping cycle, 505 
Torque, 92 

T ransient process, 202 
T ranslation energy, 20, 825 
T rap (liquid), 440, 441 
Triple point, 52 
Turbine: 

adiabatic, 336, 353 
efficiency of, 353, 371 
gas, 10, 477 
liquid, 215, 366 
operation of, 193 
steam, 2, 424 
T urbocharger, 363, 380 

U nits, 17, 755 

U niversal gas constant, 66, 757 
U nrestrained expansion, 249 

Valve flow, 192,212 

Van der Waals equation of state, 583, 827 
mixture, 596 
Van't Hoff equation, 702 
Vapor-compression refrigeration, 449 
Vapor-pressure curve, 52, 53, 566, 599 
Velocity of light, 156, endpapers 
Velocity of sound, 578, 720 
Velocity coefficient, 735 
Vibrational energy, 21, 826 
Vi rial coefficient, 582 
Vi rial equation of state, 582 
Volume: 
critical, 50, 758 
reduced, 585 
relative, 763 
residual, 581 

saturated liquid correlation, 89 
specific, 22 

Volume expansivity, 578 

Wagner's correlation, 89 
Water, properties, 776, 848 
Water gas reaction, 684, 693 
Watt, definition, 92 
Wet-bulb temperature, 541 
Wind turbines, 215 
Work: 

definition, 90 
flow, 184 

nonequilibrium process, 101, 304 
reversible, 345, 381 
various forces, 104 

Zeldovich mechanism, 697 
Zeroth law of thermodynamics, 31 


